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PREFACE 

Optical  wave  manipulation  is  one  of  the  future  technologies  for  optical 
processing  and  communication.  Organic  nonlinear  optical  materials 
are  thought  to  have  a  key  role  in  those  technologies,  and  a  lot  of  effort 
to  develop  new  molecules/materials  as  well  as  fundamental  under¬ 
standing  is  under  way  throughout  the  world. 

This  special  issue  of  Nonlinear  Optics  provides  a  current  status  of 
this  very  active  field  of  research.  It  covers  new  experimental  and 
theoretical  results  that  were  presented  through  invited  lectures  and 
poster  sessions  at  the  International  Conference  on  Organic  Nonlinear 
Optics'S  (ICONO’5)  that  took  place  in  Davos,  Switzerland,  from 
March  12-16,  2000. 

ICONO’5  provided  an  excellent  opportunity  for  an  international 
exchange  of  information  and  cooperation  among  researchers  in 
academia,  government  laboratories,  and  industries,  and  to  stimulate 
growth  in  the  field  of  organic  nonlinear  optics.  The  conference  was  a 
great  success  (over  200  attendees  from  universities,  governmental 
laboratories,  and  industry)  and  provided  a  forum  for  discussion  of  all 
aspects  of  nonlinear  optics,  e.g.,  new  phenomena,  novel  optoelectronic 
devices,  and  advanced  organic  materials. 

More  specifically,  the  conference  was  divided  into  ten  oral  sessions, 
three  extended  evening  poster  sessions,  and  a  round  table  discussion 
on  The  Future  of  Electro-Optic  Polymers.  Additionally,  several  social 
events  provided  ideal  opportunities  for  further  discussions  among  the 
participants.  All  oral  contributions  were  presented  by  invited  speakers 
that  gave  overviews  on  the  current  status  of  their  field  of  expertise.  The 
oral  sessions  were  organized  according  to  different  topics.  The  first  full 
day  was  devoted  to  Future  Photonic  Applications^  Electro-Optic 
Polymers,  and  Optical  Memories,  treating  more  application  oriented 
subjects.  On  the  second  day  the  fascinating  topics  of  Highly  Nonlinear 
Organic  Crystals  and  Nonlinear  Optical  Polymers  were  covered  in 
detail.  In  the  evening.  The  Future  of  Electro-Optic  Polymers  was 
thoroughly  discussed  by  experts  from  universities,  industry,  and 
funding  agencies.  Novel  exciting  trends  in  the  fields  of  Third-Order 
Nonlinear  Optics,  Organic  Light  Emitting  Diodes,  and  Novel  Molecules 
were  presented  on  Wednesday.  The  last  day  of  the  conference  was 
devoted  to  Fundamental  Investigations  and  New  Phenomena  (THz 
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Spectroscopy),  two  topics  that  were  of  prime  importance  to  show 
further  research  directions  in  the  area  of  organic  nonlinear  optics. 

To  summarize,  a  total  of  33  invited  talks  and  143  poster 
presentations  with  many  new  and  exciting  results  made  ICONO’5  a 
great  success  and  we  are  looking  forward  to  ICONO’6  which  will  be 
held  in  Tuscon,  Arizona,  in  2001. 

We  gratefully  acknowledge  the  support  of  M.  Bosch,  R.  Ono  and  A. 
Schneider  during  the  preparation  of  these  proceedings. 

Zurich,  July  2000.  P.  Gunter  and 

Ch.  Bosshard 
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Optics  and  Applications  of  Photo- Aligned  Liquid  Crystalline 
Surfaces 


MARTIN  SCHADT 

ROLIC  Research  Ltd,  4123  Allschwil,  Switzerland 


Abstract 

Photo-alignment  and  photo-patteming  of  monomeric  and  polymeric 
liquid  crystals  renders  a  plethora  of  new  birefringent  optical  elements 
and  improved  LCDs  possible.  Linear  photo-polymerization  (LPP)  is 
shown  to  enable  photo-alignment  of  multi-domain  VAN-LCDs  with 
very  broad  field  of  view.  Moreover,  novel  LPP-aligned  thin-film  stacks 
of  polymeric  liquid  crystals  with  controllable  spatial  uniaxiality,  non¬ 
absorbing,  bright  interference  color  filters,  photo-structured  polarizers, 
positive  and  negative  optical  retarders  and  wide-view  films  are 
presented. 

Key  words:  liquid  crystal  displays,  photo-alignment,  liquid 
crystal  polymers,  wide-view  optical  films 


Introduction 

Without  external  aligning  forces  the  long  axes  of  liquid  crystal 
(LC)-molecules  align  spontaneously  only  over  microscopic 
domains.  Since  LC-alignment  is  a  prerequisite  for  rendering  any 
liquid  crystal  display  (LCD)  operable,  functional  display 
boundaries  are  essential.  Conventionally,  display  alignment  is 
achieved  by  sandwiching  a  liquid  crystal  layer  between  two 
brushed  polyimide  coated  display  substrates.  LC-molecules  align 
parallel  at  the  discrete,  uniaxial  brushing  traces,  whereas  the 
aligning  information  between  traces  is  communicated  via  the 
long  range  elastic  coupling  forces  of  liquid  crystals.  With 
increasing  distance  between  traces  and/or  decreasing  aligning 
strength,  thermal  LC-director  fluctuations  reduce  display  contrast 
and  in  the  extreme  -under  thermal  or  optical  stress  -  lead  to 
display  failure. 
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Uniaxiality  of  LC-alignment  at  the  boundaries  of  field-effect 
LCDs  -  such  as  in  twisted  nematic  (TN)-,  supertwisted  nematic 
(STN)-,  or  vertically  aligned  nematic  (VAN)-LCDs  -  is  only  one 
of  two  essential  prerequisites  for  proper  display  operation.  The 
other  is  the  generation  of  display-specific  bias  tilt  angles  0"<  0  > 
90°  between  substrate(s)  and  LC-director(s)  /U0,tp)  at  the  LCD 
boundaries;  (p  =  azimuthal  angle.  Without  defined  bias  tilt, 
director  dislocations  occur  and  display  appearance  deteriorates 
[1].  LC-alignment  must  be  thermally  and  optically  stable. 

There  are  a  number  of  drawbacks  associated  with  brushing  LCD 
substrates,  such  as:  the  generation  of  dust  and  electrostatic 
charges,  reduced  contrast  of  weakly  brushed  micro-displays  due 
to  thermal  LC-director  fluctuations  between  brushing  traces,  or 
defects  which  become  visible  when  projected.  Moreover,  multi- 
domain  LC-alignment  to  improve  the  field  of  view  of  displays 
requires  alignment  patterning  within  individual  pixels  which 
cannot  be  achieved  by  brushing. 

In  the  1980’s  first  attempts  were  made  to  induce  molecular 
reorientation  in  guest  host  materials  by  exposing  LC-polymers, 
comprising  mainly  azo  guest  molecules,  to  linearly  polarized 
light  [2-4].  In  the  early  1990’s  two  research  groups  showed  that 
it  is  possible  to  align  monomeric  liquid  crystals  at  surfaces  not 
by  mechanical  means  but  optically  [5,6].  Two  fundamentally 
different  aligning  strategies  were  pursued,  namely  (i)  single- 
molecular  processes  such  as  photo-alignment  in  azo-type  guest 
host  systems  [5]  which  reorients  LCs  through  optically  induced 
cis-trans  isomerization  by  linear  polarized  light,  or  by  directional 
bleaching  of  polyimide  layers  by  linear  polarized  light  17]  versus 
(ii)  bi-moleciilar  photo-alignment  by  linear  photo-polymerization 
(LPP)  developed  at  ROLIC  [6,8].  LPP-photo-alignment  generates 
alignment  in  adjacent  liquid  crystal  layers  via  exposing  LPP- 
surfaces  to  linear  polarized  UV-light  and  simultaneously  cross¬ 
links  pairs  of  pre-polymer  LPP-molecules,  thus  fixing  the 
alignment  in-situ.  The  LPP-process  is  inherently  photo-stable  [8] 
and  capable  to  simultaneously  align  and  induce  tilt  angles  in 
monomeric  as  well  as  in  polymeric  liquid  crystals  [9,10J.  The 
following  photo-aligned  devices  and  novel  thin-film  optical 
elements  are  based  on  the  LPP  technology  developed  in  our  labs. 

Reviewed  are  the  broadening  effect  of  LPP  photo-patterned 
alignment  on  the  field  of  view  of  multi-domain  LCDs,  such  as 
twisted  nematic  (TN)-  and  vertically  aligned  nematic  (VAN)- 
LCDs  [8,10].  Moreover,  LPP  photo-aligned  thin-film  stacks  of 
liquid  crystal  polymers  (LCPs)  with  controllable  spatial 
uniaxiality  on  single  substrates  are  shown  to  render  virtually  any 
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optical  retarder  configuration  feasible,  namely  planar,  tilted  or 
homeotropic  retarders  with  positive  as  well  as  negative 
birefringence.  This  enables  the  realization  of  such  diverse  optical 
thin-film  devices  as  wide-view  films,  optical  compensation  films 
or  interference  color  filters  on  plastic  substrates  for  any  type  of 
LCD  by  a  single  technology  [11-13]. 


Fig.l  Schematic  of  ROLIC’s  LPP-photo-aligning-  and  simultaneous 
cross-linking  mechanism. 
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LPP-Photo-Alignment  and  Dual-Domain  VAN-LCDs 

Fig.l  schematically  depicts  our  LPP  photo-aligning  model  [10]  for  the 
case  of  two  adjacent  pairs  of  novel  endo  cinnamic  ester  LPP-pre- 
polymer  molecules  which  are  isotropically  aligned  prior  to  exposure 
with  linearly  polarized  uv-light  hv(Puv);  i.e.  the  number  of  pre-polymers 
in  X-  and  y-  direction  in  a  given  plane  are  equal  before  exposure.  The 
LPP-molecules  are  designed  such  that  the  directional  2+2  cross-linking 
photo-reaction  generates  (i)  an  anisotropic  LPP  pre-polymer 
distribution:  1, 2,3 3,4  (ii)  anisotropically  aligned  cycloaddioned 
new  molecules  5  and  (iii)  simultaneously  fixes  and  cross-links  the 
photo-induced  alignment  (Fig.l).  Fig.l  depicts  the  bi-molecular 
character  of  our  LPP-process  which  in-situ  stabilizes  photo-alignment 
[8].  Fig.l  also  indicates  the  non-degenerate  alignment  symmetry  of  the 
LPP-process  which  causes  the  LC-director  n  to  align  parallel  to  the 
polarization  direction  Puv,  thus  enabling  the  generation  of  bias  tilt 
angles  in  adjacent  LC-layers  [9]. 


Fig.2  Single  pixel  of  a  LPP-aligned  dual-domain  VAN-LCD  with 
integrated  LPP/LCP  wide-view  compensators  C. 
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Fig.2  illustrates  the  two  most  important  features  of  photo-alignment  of 
displays  namely  (a)  alignment  and  (b)  photo-patterning  in  a  very 
demanding  molecular  display  configuration,  namely  a  dual-domain 
VAN-LCD  which  requires  slightly  tilted  vertical  boundaries.  Fig.2 
shows  a  single  pixel  of  the  first  homeotropically  photo-aligned  VAN- 
LCD  which  we  recently  presented  [13].  On  a  macroscopic  scale,  the 
optical  anisotropies  of  the  differently  aligned  central  LC-directors  of  the 
sub-pixels  compensate  each  other  which  broadens  the  field  of  view  of 
the  display.  Apart  from  photo-aligned  boundaries,  the  VAN-LCD  in 
Fig.2  comprises  two  integrated  planar  photo-aligned  LPP/LCP  retarders 
on  each  display  substrate  which  further  enhance  the  field  of  view  of  the 
dual-domain  VAN  configuration  in  the  off-state  [13].  The  retarders  will 
be  discussed  later. 

The  measurements  in  Fig. 3  show  the  remarkably  broad  field  of  view  of 
the  dual-domain  VAN-LCD  of  Fig.2  versus  the  strong  angular 
dependence  of  a  non-compensated,  single-domain  VAN-LCD  [13]. 
Also  shown  is  the  further  possible  improvement  of  the  field  of  view  of 
the  compensated  versus  the  non-compensated  dual-domain  VAN-LCD 
in  its  on-state.  Fig.  2  shows  that  additional  compensation  mainly  further 
improves  the  off-state  of  the  display. 
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Fig.3  From  lop  to  bottom:  angular  brightness  dependence  of  (i)  single 
domain  VAN-LCD,  (ii)  LPP-aligned  dual-domain  VAN-LCD  and 
(iii)  LPP-aligned  dual-domain  VAN-LCD  with  integrated  wide- 
view  LPP/LCP  films. 
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LPP-Photo-Aligned  Birefringent  Optical  Thin  Film  Stacks 

Apart  from  monomeric  liquid  crystals  we  have  shown  that  the  LPP 
technology  also  permits  to  photo-align  and  photo-pattern  polymeric 
liquid  crystal  (LCP)  layers  on  single  substrates  of  glass,  plastic,  metal, 
etc.,  such,  that  the  LC-directors  n  (0,  (p)  of  an  LCP-film  at  it’s 
respective  boundaries;  i.e.  substrate/LCP  and  LCP/air,^  are 
independently  adjustable  in  any  spatial  direction  « ((p  =  0  ...360 , 0  = 
0  ...90  )  [8,10-14].  Because  of  their  optical  anisotropy  An  =  (nc  -  no), 
LCP  films  [15]  are  birefringent  with  a  slow  optical  axis  nc  II  //(©,  (p) 
and  therefore  exhibit  an  optical  retardation  6  =  And;  where  d  =  film 
thickness.  Moreover,  we  have  shown  that  LPP-  and  LCP-films  can  be 
stacked  [10];  where  the  ~30nm  thin  LPP-layers  comprise  the  photo¬ 
aligning  and  photo-patterning  information  which  adjacent  LCP  films 
copy  and  convert  into  optical  phase  information.  ROLIC’s  LPP/LCP 
optical  thin-film  building  block  system  enables  the  generation  of 
virtually  any  optically  anisotropic  film  stack.  Since  the  films  are  non- 
absorptive  and  optically  highly  stable  and  because  of  their  diverse  phase 
retarder  properties,  LPP/LCP  stacks  are  ideal  optical  thin  film-  elements 
to  control  the  phase  of  light  in  polarization  sensitive  optical  devices 
such  as  in  LCDs,  projection  engines,  etc..  The  following  examples 
illustrate  some  of  their  many  applications. 

Fig,4  shows  a  stack  of  two  LPP-  and  LCP-  layers  which  act  as 
interference  color  filters  between  crossed  polarizers  P  [10].  The  LPP 
layers  induce  zero  bias  tilt  in  the  adjacent  LCP  layers  which  therefore 
act  as  planar,  uniaxial  optical  retarders  whose  film  thickness  is  chosen 
such  that  LCPl  and  LCP2  exhibit  different  optical  retardations  6.  The 
alignment  of  layer  LPP2  is  photo-pi xeliated  such  that  the  respective 
slow  optical  axes  of  the  LCP2  pixels  align  perpendicular  to  each  other. 
The  resulting  total  optical  retardation  of  the  left  pixel-stack  is  therefore 
subtractive  (5tot  =  320nm),  whereas  the  right  stack  is  additive  (5,ot  = 
580nm).  This  generates  yellow  (left)  and  blue  (right)  interference  colors 
when  exposing  the  stack  to  white  polarized  input  light. 
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ir 

Fig.4  LPP/LCP  polarization  interference  color  filter  stack. 


Fig.5  schematically  depicts  three  examples  to  configurate  LPP/LCP 
optical  thin-film  retarders  with  very  diverse  optical  functions  [16].  The 
stacks  are  designed  to  meet  the  optical  requirements  of  different  types 
of  LCDs.  For  simplicity  the  LPP  photo-aligning  layers  which  induce  the 
respective  boundary  conditions  in  the  LCP  films  of  Fig.5  are  not  shown. 
From  top  to  bottom:  (i)  zero-till,  uniaxial  retarder;  (ii)  retarder  which 
consists  of  two  orthogonally  aligned  uniaxial  LCP  films  and  acts  as  a 
negative  birefringence  retarder  [13]  as  well  as  (iii)  a  wide-view  retarder 
for  TN-LCDs  whose  orthogonally  aligned  LCP  directors  are  tilted  [11]. 
Negative  retarders  of  the  type  depicted  in  Fig.5  (middle)  were  used  to 
further  enhance  the  field  of  view  of  the  dual-domain  VAN-LCD  of 
Figs.2,3.  The  respective  optical  retardations  of  the  top-  and  bottom 
VAN  wide-view  retarder  of  Fig.2  are  8ci  =  200  +  200  nm  and  5c2  =  130 
+  130  nm  [13].  We  have  recently  shown  [11]  that  the  tilted  LPP/LCP 
retarder  configuration  at  the  bottom  of  Fig.5  enhances  the  field  of  view 
of  TN-LCDs  to  the  same  degree  as  discotic  wide-view  films  [17]. 
Moreover,  and  because  the  dispersion  of  our  LPP/LCP  wide-view  film 
can  be  matched  with  the  dispersion  of  the  monomeric  liquid  crystals  in 
the  TN-LCD  the  chromaticity  of  the  LPP/LCP  wide-view  film  is  much 
improved;  i.e.  no  yellow  tint  occurs  at  large  viewing  angles. 
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Uniaxial  Retarder 
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oMWiiinil 


Wide  View  Retarder 


Fig.5  Three  different  LPP/LCP  optical  retarder  configurations. 


Conventionally,  polarization  interference  color  filters  are  made  by 
vacuum  deposition  of  many  layers  of  dielectric  thin-films.  As  shown  in 
Fig. 4  photo-alignment  and  photo-patterning  of  LPP/LCP-films  enables 
the  realization  of  such  filters  by  spin  coating  or  by  tandem  wet-coating. 
These  non-vacuum  deposition  techniques  are  compatible  with  roll-to- 
roll  processes  [11,12],  Moreover,  the  unique  optical  properties  and  the 
broad  range  of  material  design  parameters  of  the  LPP/LCP  technology 
enable  to  realize  high  quality  polarization  interference  filters  with  only 
very  few  LPP/LCP  layers.  Fig.6  shows  the  C.I.E.  color  coordinates  of 
our  first  R,  G,  B,  LPP/LCP  interference  color  filter  stack  which  consists 
of  only  five  LPP  and  LCP  layers  each.  The  total  film  thickness  is  12.3 
pm  and  the  surface  of  the  film  stack  is  flat.  From  Fig.6  it  follows  that 
five  properly  photo-aligned  LPP/LCP  layers  lead  to  color  coordinates 
which  meet  the  PAL/SECAM  standard  [16]. 
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Fig.6  Color  coordinates  of  5-layer  r,  g,  b  LPP/LCP-polarization 
interference  color  filter  stack. 
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Output:  polarized 


GH-LCP  polarizer 


Photo-patterned  LPP 


Input:  unpolarized 


Fig.7  Two  pixels  of  a  photo-structured  LPP/LCP  dichroic  linear 
polarizer  with  orthogonal  output  polarization  directions. 


To  conclude,  Fig.7  shows  an  LPP/LCP  guest-host  optical  device, 
namely  a  photo-structured  linear  polarizer.  We  photo-patterned  and 
photo-aligned  the  LPP  layer  such  that  adjacent  LCP  film  pixels,  which 
are  doped  with  dichroic  dye  guest-molecules,  align  orthogonally.  The 
photo-aligning  information  is  transferred  from  the  LPP  surface  to  the 
LC-molecules  in  the  LCP  layer  which  acts  as  a  host  and  transfers  the 
alignment  information  to  the  dichroic  dye  molecules.  Due  to  their 
dichroism  the  guest-molecules  selectively  absorb  one  of  the  two  linear 
components  of  unpolarized  input  light  such  that  s-  and  p-polarized  light 
occurs  at  the  output  of  the  structured  polarizer  in  Fig.7.  When  using  the 
black- white  dichroic  molecules  described  in  ref.  [18]  a  polarization 
contrast  of  20:1  results  for  the  polarizer  in  Fig.7.  An  interesting 
application  for  photo-structured  polarizers  are  3D-  LCDs. 
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Nonlinear  Vibrational  Spectroscopy  on  Rubbed  Polymer 
Surfaces 


X.  WEI,  D.  KIM,  M.  0-HE,  and  Y.  R.  SHEN 

Department  of  Physics,  University  of  California,  Berkeley,  CA  94720,  USA 


Abstract  Sum- frequency  vibrational  spectroscopy  is  an  effective  tool  for  prob¬ 
ing  polymer  surfaces  and  interfaces.  This  is  demonstrated  here  by  its  application 
on  rubbed  polymer  surfaces.  The  spectroscopic  results  show  that  rubbing  pref¬ 
erentially  aligns  the  surface  polymer  chains  along  the  rubbing  direction.  The 
modified  polymer  surface  then  acts  as  a  ternplate  to  align  the  liquid  crystal 
molecules  adsorbed  on  it. 


Polymer  surfaces  have  played  an  increasingly  important  role  in  modern 
science  and  technology.  For  example,  many  electronic  [l]  and  biomedi¬ 
cal  [2]  applications  of  polymers  depend  critically  on  the  interfacial  proper¬ 
ties  of  the  polymers.  Hence  possible  characterization  of  polymer  interfaces 
at  the  molecular  level  has  attracted  a  great  deal  of  attention.  Various  spec¬ 
troscopic  techniques  such  as  infrared  and  Raman  spectroscopy  [3],  X-ray 
spectroscopy  [4],  and  ellipsometry  [5]  have  been  used  to  probe  polymer 
surfaces  and  interfaces.  They  often  suffer  from  not  being  very  surface- 
specific.  Atomic  force  microscopy  [6]  is  more  surface-specific  but  it  does 
not  have  sufficient  resolution  to  probe  microscopic  structure  of  polymer 
surfaces  and  is  not  suitable  for  buried  polymer  interfaces. 

In  recent  years,  sum-frequency  generation  (SFG)  vibrational  spec¬ 
troscopy  has  been  demonstrated  to  be  an  effective  tool  to  study  polymer 
surfaces  and  interfaces  [7].  As  a  second-order  nonlinear  optical  process, 
SFG  is  highly  surface-specific  and  sensitive  in  media  with  inversion  sym¬ 
metry  [8].  Being  capable  of  providing  spectroscopic  information  about  a 
surface  or  interface,  it  is  ideally  suited  for  surface  studies  of  polymers. 
Indeed,  it  h2is  been  used  successfully  to  probe  surface  composition  and 
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Structure  of  polymers  and  their  changes  in  different  environments  [7]. 
Even  polymers  as  complex  as  biopolymers  can  be  studied  [9] . 

An  important  application  of  polymers  in  the  electronic  industry  is  its 
use  as  an  alignment  layer  for  liquid  crystal  (LC)  displays  [10].  To  con¬ 
struct  a  homogeneously  aligned  LC  display  cell,  the  commonly  adopted 
method  is  to  use  substrates  coated  with  a  polymer  film  that  is  mechani¬ 
cally  rubbed.  The  LC  film  sandwiched  between  such  substrates  will  have 
its  molecules  aligned  along  the  rubbing  direction.  It  has  been  shown  that 
the  LC  ordering  and  alignment  throughout  the  film  are  controlled  by  the 
orientation  and  alignment  of  the  LC  monolayers  adsorbed  at  the  polymer 
surfaces  of  the  substrates  [llj.  For  better  understanding  of  LC  alignment 
by  rubbed  polymer  surfaces,  it  is  obvious  that  we  must  understand  how 
rubbing  induces  structural  alignment  of  a  polymer  surface  and  then  how 
the  adsorbed  LC  molecules  interact  with  polymer  molecular  units  at  the 
surface. 

We  have  used  SFG  vibrational  spectroscopy  to  study  surfaces  of  poly¬ 
vinyl  alcohol  (PVA)  and  polyimides,  both  rubbed  and  unrubbed  [12,  13]. 
The  results  clearly  show  that  rubbing  aligns  the  main  polymer  chains 
along  the  rubbing  direction.  Analysis  of  the  data  allows  a  quantitative 
determination  of  the  alignment.  The  LC  monolayer  deposited  on  a  rubbed 
polymer  surface  appears  to  be  oriented  and  aligned  by  the  surface  via  an 
orientational  epitaxy-like  mechanism. 

The  theory  and  the  experimental  arrangement  for  SFG  spectroscopy 
have  been  described  elsewhere  [14].  With  the  beam  geometry  described 
in  the  inset  of  Fig.  1,  the  experiment  measures  the  effective  surface  non¬ 
linear  optical  susceptibility  XeffV^^SF  =  ^Vis  +  wir)  for  different  sample 
orientations  (defined  by  the  azimuthal  angle  7  in  Fig.  1)  and  different 
polarization  orientations 

xiff  =  [L(i^SF)  •  esp]  •  :  lL(t<A^is)  ■  evis][L(u;iR)  •  cir]  (1) 

where  is  the  unit  polarization  vector  of  the  field  at  and  L(a;i)  is 
the  tensorial  transmission  Fresnel  factor  at  a;,.  If  a;iR  is  scanned  over 
a  surface  vibrational  resonance,  Xeff  is  resonantly  enhanced  yielding  a 
surface  vibrational  spectrum.  We  have  the  SFG  spectrum  described  by 


(2) 
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Figure  1:  SFG  spectra  of  a  PYA  surface,  rubbed  (circles  and  squares)  and 
unrubbed  (triangles)  for  three  different  polarization  combinations,  The  lines  are 
fits  from  Eqs.  (l)-(3).  The  inset  describes  the  experimental  geometry  with  x 
being  along  the  rubbing  direction  and  7  the  azimuthal  angle  between  x  and  the 
incident  plane. 

with  Xeff  given  in  Eq.  (1)  and 

+  E;- - (3) 

-  UJg  iLq 

where  Ag,  ojq  and  Fg  are  the  strength,  resonant  frequency,  and  damp¬ 
ing  coefficient  of  the  qth  vibrational  mode,  respectively,  and  Xnr 
nonresonant  contribution.  As  an  example,  Fig.  1  shows  the  SFG  spec¬ 
tra  of  PVA  (  [-CH2-CH0H-]„  )  for  various  beam  polarization  combina¬ 
tions.  Three  CH  stretch  modes  appear  in  the  spectra:  a  stretch  mode  at 
2882  cm~^  for  the  CH  group,  and  a  symmetric  stretch  at  2907  cm"^  and 
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Figure  2:  Polar  plots  of  of  the  CH2  symmetric  (circles)  and  antisymmetric 
(squares)  stretch  modes  as  functions  of  7  for  two  polarization  combinations  {a)ssp 
and  (b)6'pA'.  Lines  are  obtained  from  fits. 


an  antisymmetric  stretch  at  2940  cm“^  for  the  CH2  group.  As  shown  in 
Fig.  1,  the  experimental  data  can  be  well  fit  by  Eqs.  (l)-(3).  From  the 
fit,  we  can  deduce  Aq  for  each  case. 

The  spectra  in  Fig.  1  show  clearly  that  there  is  an  induced  anisotropy 
in  the  structure  of  the  rubbed  PVA  surface.  For  example,  the  antisymmet¬ 
ric  stretch  mode  of  CH2  in  the  sps  spectra  (denoting  s-,  p-,  and  ;^polarized 
sum- frequency,  visible,  and  infrared  beams,  respectively)  is  strong  for 
7  =  0°  but  absent  for  7  =  90°.  Since  this  mode  can  only  be  excited  with 
an  IR  field  component  in  the  CH2  plane,  the  observed  spectra  immediately 
suggest  that  the  CH2  plane  at  the  PVA  surface  must  be  perpendicular  to 
the  rubbing  direction.  Now  that  CH2  must  be  perpendicular  to  the  PVA 
backbone,  the  result  indicates  that  the  PVA  chains  must  be  oriented  along 
the  rubbing  direction. 

In  the  complete  experiment  on  PVA,  we  measured  xlff  for  the  rubbed 
PVA  surface  for  many  different  sample  orientations  (7)  with  sps  and  ssp 
polarization  combinations.  The  quantities  =  IL(wsf)  ■  esp)  •  : 

[L(cJvis)  -evisllLC^^iR)  -eiR)  versus  7  deduced  from  xiff  for  g  =  s  (symmet¬ 
ric  CH2  stretch)  and  g  =  a  (antisymmetric  CH2  stretch)  are  plotted  in 
Fig.  2.  It  is  easy  to  see  that  Ag^eff(7)  can  be  described  in  terms  of  a  linear 
combination  of  {Aq)ijk.  By  symmetry,  there  are  only  10  nonvanishing 
independent  elements  of  {Aq)ijk  for  a  rubbed  surface,  namely,  xxz,  yyz, 
zzz,  xzx  =  zxx,  yzy  =  zyy,  xxx,  yyx,  zzx,  xyy  =  yxy,  and  xzz  —  zxz 
for  the  subindices  with  x  along  the  rubbing  direction  and  z  the  surface 
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Figure  3:  Molecular  structure  of  PVA  and  orientational  geometry  of  a  CH2 
group  on  PVA  at  a  rubbed  surface.  Axis  x  is  along  the  rubbing  direction,  and 
z  is  along  the  surface  normal.  Axis  ^  is  normal  to  the  CH2  plane  or  along  the 
PVA  chain,  and  C  is  along  the  symmetry  axis  of  CH2. 


normal.  Fitting  the  data  of  Ag^eff(7)  in  Fig.  2  then  allows  us  to  deduce 
all  these  nonvanishing  elements  with  good  accuracy.  This  is  particularly 
true  because  the  very  weak  forward-backward  asymmetry  in  the  data  of 
Fig.  2  renders  the  last  five  independent  elements  in  the  above  list  nearly 
vanishing.  We  now  realize  that  {Aq)ijk  is  related  to  the  strength  of 
the  molecular  polarizability  of  the  qth  vibrational  mode  by  a  coordinate 
transformation  and  an  orientational  average 


{Aq)ijk  =  iVs  /  •  i)(/i  •  •  k)m)dQ 


(4) 


where  Ns  is  the  surface  molecular  density  and  f{Q)  is  the  orientational 
distribution  for  the  CH2  groups  at  the  surface.  For  the  CH2  stretch  vi¬ 
brations,  the  only  nonvanishing  elements  of  are  (as)^^(,  (fls)TjTjCi  (®s)ccc> 
and  (fla)TjCjj  =  (tta)cT7;7  with  ^  along  the  symmetry  axis  of  CH2  and  77  in  the 
CH2  plane.  The  values  of  these  a^  elements  can  be  calculated  from  the 
known  values  for  a  single  CH  bond  using  the  bond  additivity  model  [15]. 
With  {Aq)ijk  [q  =  s,  a)  given,  Eq.  (4)  can  then  be  used  to  deduce  an 
approximate  form  for  /(Q). 

For  CH2  at  the  rubbed  PVA  surface,  we  can  assume  a  Gaussian  dis- 
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tribution  for  f{Q) 


f{Q)  =  Cexp 


{0  -  (0  -  4>of 

2al 


(5) 


where  <9,  0  and  define  the  orientation  of  a  CH2  group  described  in  Fig.  3; 
C  is  a  normalization  constant;  ^0^  00,  V’o,  and  cr^/,  are  parameters  to 

be  determined.  From  the  mirror  symmetry  about  the  rubbing  direction, 
we  have  0o  =  V'o  =  0°.  The  remaining  four  parameters  can  be  determined 
consistently  with  good  accuracy  from  the  known  values  of  more  than  10 
{-^q)ijk  elements.  We  found  in  our  case  of  a  relatively  strongly  rubbed 
PVA  surface,  Oq  =  2.5°  ±  0.7°,  =  26°  ±  5°,  =  27°  ±  5°,  and  = 

35°  ±  5°  for  CH2  orientation.  Accordingly,  the  PVA  chains  must  be  well 
aligned  along  the  rubbing  direction  with  a  narrow  angular  distribution 
and  on  average,  a  2.5°  backward  tilt. 

To  see  how  adsorbed  LC  molecules  orient  on  a  rubbed  PVA  surface,  we 
deposited  a  monolayer  of  octyl-cyanobiphenyl  (8CB)  on  it  and  used  opti¬ 
cal  second-harmonic  generation  (SHG)  to  probe  its  orientational  distribu¬ 
tion  [11],  The  results  appear  as  SHG  intensity  versus  sample  azimuthal 
rotation  for  various  input/output  polarizations  [15].  In  an  analysis  similar 
to  the  one  described  above,  we  could  obtain  an  orientational  distribution 
for  the  LC  monolayer. 


g{Q)  =  Cexp 


(e-eof 

2(t| 


[1  -f-  di  cos  0  +  ^2  cos(20)  +  dz  cos(30)] 


(6) 


with  0  and  0  denoting  the  polar  and  azimuthal  angles  of  the  8CB  core, 
respectively,  and  =  75°,  (Te  =  9°,  di  =  0.07,  d2  =  0.85,  and  dz  = 
0.04  .  From  f{Q)  and  ^(f?)  we  can  calculate  F{0)  =  /  f{Q)sin0d9dxl:  and 
^(0)  “  i  for  PVA  and  8CB,  respectively.  The  results  show 

that  the  two  match  closely.  This  provides  strong  evidence  that  the  rubbed 
polymer  indeed  serves  as  a  template  to  align  the  LC  monolayer  through 
short-range  interaction. 

We  also  studied  polyimide  surfaces,  rubbed  and  unrubbed,  with  SFG 
vibrational  spectroscopy.  The  samples  were  prepared  by  the  spin  coating 
method  described  in  Ref.  [13].  Fig.  4  presents  the  ssp  spectra  of  a  rubbed 
poly-n-alkyl-pyromellitic  imide  surface  (  [-N(CO)2C6H2(CO)2N(CH2)n-] 
with  n=6  (P6),  whose  chemical  structure  is  depicted  in  the  inset).  The 
two  peaks  at  1729  and  1777  cm“^  are  associated  with  the  antisymmetric 
and  symmetric  stretch  modes  of  the  coupled  CO  groups  on  the  imide  ring, 
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Figure  4:  SFG  vibrational  spectra  of  a  rubbed  polyimide  surface  with  the  ssp 
polarization  combination  for  7  =  0°,  90°,  and  180°.  The  inset  shows  the  chemical 
structure  of  the  polyimide. 

respectively.  Again,  the  spectra  show  explicitly  the  existence  of  rubbing- 
induced  anisotropy  in  the  surface  structure  of  P6  polyimide.  While  the 
spectra  taken  with  the  incident  plane  parallel  and  anti-parallel  to  the 
rubbing  direction  are  nearly  the  same,  they  are  significantly  weaker  than 
the  one  taken  with  the  incident  plane  perpendicular  to  the  rubbing  direc¬ 
tion.  This  indicates  that  the  CO  plane  or  the  imide  ring  is  preferentially 
oriented  along  the  rubbing  direction.  Analysis  of  results  obtained  with 
different  polarization  combinations  show  that  the  spectra  originated  from 
the  two  CO  groups  on  the  same  side  of  the  imide  ring  projecting  out  of 
the  surface.  The  induced  orientation  of  the  CO  groups  is  a  direct  man¬ 
ifestation  of  the  induced  alignment  of  the  polyimide  main  chains  at  the 
surface  by  rubbing. 
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Figure  5:  SFG  spectra  of  the  rubbed  surface  of  a  polyiniide  with  side  alkyl 
chain.  The  inset  shows  the  chemical  structure  of  the  polyimide. 

We  have  also  studied  the  surfaces  of  polyimides  with  side  chains  (chem¬ 
ical  structure  of  one  such  polyimide  is  shown  in  the  inset  of  Fig.  5).  The 
SFG  spectra  for  CO  stretches  in  the  1750  cm“^  region  are  similar  to  those 
of  P6  polyimide.  Again  they  exhibit  an  anisotropy  induced  by  rubbing 
that  arises  from  alignment  of  the  main  chains  along  the  rubbing  direction. 
The  CH  stretch  modes  associated  with  the  alkyl  side  chains,  however, 
show  very  little  induced  anisotropy,  as  seen  from  the  spectra  of  Fig.  5. 
Analysis  of  spectra  with  various  polarization  combinations  indicates  that 
the  side  chains  protrude  out  from  the  surface  with  a  broad  angular  dis¬ 
tribution  about  the  surface  normal.  Alignment  of  the  main  chains  can 


NONLINEAR  VIBRATIONAL  SPECTROSCOPY 


21 


hardly  affect  the  orientational  distribution  of  the  side  chains.  This  then 
explains  the  lack  of  induced  anisotropy  by  rubbing. 

In  conclusion,  we  have  demonstrated  that  SFG  vibrational  spectroscopy 
is  an  effective  tool  to  probe  rubbing-induced  modification  of  a  polymer 
surface.  It  is  found  that  rubbing  preferentially  aligns  the  surface  polymer 
chains  along  the  rubbing  direction.  The  modified  surface  structure  then 
acts  as  a  template  that  effectively  aligns  the  LC  monolayer  adsorbed  on 
it  and  consequently  the  bulk  LC  film.  Such  a  template  effect  is  clearly 
not  restricted  to  LC  on  polymer.  The  spectroscopic  technique  described 
here  is  also  generally  useful  for  studies  of  polymer  surface  structures  and 
their  changes  by  external  perturbations. 
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ABSTRACT:  Structure/fimction  relationships  crucial  to  realization  of 
broad  bandwidth,  low  halfwave  volt^e,  high  stability  polymeric 
electro-optic  modulators  are  discussed.  Particular  attention  is  given  a 
family  of  chromophores  containing  cyanofuran  acceptors.  Such 
chromophores  permit  the  simultaneous  realization  of  large  molecular 
hyperpolarizability  and  thermal  stability.  The  role  of  intermolecular 
electrostatic  interactions  in  limiting  maximum  achievable  macroscopic 
electro-optic  activity  is  discussed  within  the  frameworks  of  both 
equilibrium  and  Monte  Carlo  statistical  mechanical  calculations.  The 
processing  of  polymeric  electro-optic  materials  into  low  optical  loss, 
3-D  optical  circuits  is  discussed.  Finally,  the  use  of  polymeric  electro¬ 
optic  circuits  for  realization  of  phased  array  radar,  time  stretching,  and 
other  device  applications  is  reviewed. 


Keywords  Electro-optic  polymers,  intermolecular  interactions, 
Monte  Carlo  calculations,  phased  array  radar,  high  bandwidth 
modulators,  3-D  integration,  optical  loss 


INTRODUCTION 


Five  quite  different  types  of  materials  have  attracted  attention 
for  use  in  external  modulation;  namely,  crystalline  lithium  niobate, 
crystalline  organic  materials  such  as  DAST,  multilayer  organic 
materials  fabricated  by  sequential  self-assembly  methods,  electro- 
absorptive  gallium  arsenide  materials,  and  electrically-poled 
polymeric  electro-optic  (EO)  materials.  The  inorganic  materials, 
lithium  niobate  and  gallium  arsenide,  have  certain  advantages.  For 
example,  lithium  niobate  can  be  used  as  a  low  loss  material  over  a 
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wide  range  of  wavelengths.  Gallium  arsenide  permits  polarization 
insensitive  modulation  to  be  carried  out.  It  is  doubtful  that  one 
material  will  ever  be  the  material  of  choice  for  every  application  of 
external  modulators. 

Electrically-poled,  chromophore-containing  polymeric 
materials  have  attracted  attention  because  of  their  potential  for 
yielding  low  drive  voltage,  broad  bandwidth  electro-optic  materials 
that  can  be  readily  integrated  with  very  large  scale  integration  (VLSI) 
semiconductor  electronics  and  passive  optical  circuitry.  Conceivably, 
these  materials  could  also  permit  low  cost  fabrication  of  multiple 
modulator  opto-chips  characterized  by  low  crosstalk  and  low  optical 
loss  at  telecommunication  wavelengths.  Although  a  number  of 
chromophores  with  large  dipole  moments  and  hyperpolarizabilities 
have  been  synthesized  over  the  past  several  years,  it  is  only  recently 
that  polymeric  electro-optic  materials  have  been  produced  that  exhibit 
large  electro-optic  activity  at  telecommunication  wavelengths  [1], 
Indeed,  only  in  the  past  several  months,  have  voltages  on  the  order 
of  1  volt  been  demonstrated  for  polymeric  materials  with  push-pull 
Mach  Zehnder  devices  [2,3].  The  reason  for  failure  to  translate  ever- 
improving  molecular  optical  nonlinearity  into  macroscopic  optical 
nonlinearity  can  be  appreciated  from  a  consideration  of  Figure  1. 


Figure  1.  The  variation  of  electro-optic  activity  with  chromophore 
concentration  is  shown.  The  structures  of  the  chromophores  are  given 
in[l]. 
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From  Figure  1,  we  see  that  although  increasing  dipole  moment  (ja)  and 
molecular  hyperpolarizability  (p)  leads  to  greater  initial  slope  of  the 
dependence  of  electro-optic  coefficient  upon  chromophore  loading,  the 
curves  roll  over  at  ever  lower  loading  values  as  |ip  increases.  Thus, 
little  or  no  increase  in  macroscopic  electro-optic  activity  is  achieved 
by  development  of  chromophores  with  larger  |ip  values. 

In  Figure  2,  different  structural  forms  of  chromophores 
containing  the  same  electro-optically  active  Tt-electron  core  are  shown. 
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Figure  2.  Variants  of  CLD  and  FTC  type  chromophores  are  shown. 

In  Figure  3,  we  show  the  effect  of  adding  an  isophorone  group  to  the 
7C-electron  bridge  of  CLD-type  chromophores.  This  figure  clearly 
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Figure  3.  Electro-optic  coefficients  are  shown  as  a  function  of 
chromophore  number  density  for  CLD-2  (circles)  and  CLD-3 
(diamonds)  chromophores  in  polymethylmethacrylate  (PMMA). 

demonstrates  that  maximum  achievable  electro-optic  activity  also 
depends  upon  chromophore  shape.  The  dependence  on  chromophore 
dipole  moment  and  shape  shown  in  Figures  1  and  3  suggest  that 
spatially-anisotropic  intermolecular  electrostatic  interactions  influence 
the  translation  of  microscopic  hyperpolarizability  into  macroscopic 
electro-optic  activity.  Clearly,  the  linear  dependence  of  electro-optic 
coefficient  on  chromophore  number  density  that  would  be  expected 
for  non-interacting  particles  is  not  observed.  Let  us  consider  the 
competition  of  poling  field  and  intermolecular  electrostatic 
interactions  within  the  frameworks  of  both  equilibrium  and  Monte 
Carlo  statistical  mechanical  methods.  These  two  approaches  involve 
quite  different  approximations  and  comparison  of  the  results  should 
provide  useful  insight  into  the  validity  of  approximations  made  with 
each  approach.  Moreover,  molecular  dynamical  methods  should 
provide  useful  insight  into  aggregation  phenomena  that  can  lead  to 
light  scattering  and  unacceptable  optical  loss. 
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THEORY  AND  RESULTS 


Electro-optic  activity  is  approximately  given  by  r  =  2Npf(co)<cos^0> 
/n^*,  so  our  objective  must  be  the  evaluation  of  the  acentric  order 
parameter  <cos^0>.  In  the  equation  for  electro-optic  coefficient,  r, 
number  density  is  denoted  by  the  symbol  N,  n  is  the  index  of 
refraction,  p  is  the  first  molecular  hyperpolarizability,  and  f(a))  takes 

into  account  medium  dielectric  effects.  The  order  parameter  can  be 
calculated  by  equilibrium  statistical  mechanics  according  to 
! 

I  (0)exp| 

(cos"(0)}  =  - 

J 

cos(©)=-l 


where  U  =  Ui  +  U2  is  the  potential  energy  describing  the  interaction 
of  chromophores  with  the  poling  field  (Ui)  and  with  each  other  (U2). 
For  non-interacting  chromophores,  U  =  -pFcos0,  where  F  is  the  poling 
field  felt  by  the  chromophore.  For  this  case,  <cos"0>  =  Ln(f)  where  Ln 
is  the  n**’  order  Langevin  function  and  f  =  |iF/kT.  Consider 

chromophores  interacting  through  a  mean  distance,  R,  which  is  related 
to  number  density  by  N  =  R‘^.  Let  us  follow  Piekara  [4]  and  write  the 
effective  field  at  a  given  chromophore  from  surrounding 
chromophores  as  U2  =  -Wcos(02).  The  position  with  respect  to  the 

poling  field  is  defined  by  Euler  angles,  Q,  =  {0i,(|)i }  and  by  the 
trigonometric  relationship  =  Q0£22  or  cos0i  =  cos0cos02  + 
sin0sin02cos(<|)-(l)2).  Averaging  is  done  over  the  two  variables  Q  and 
Q2-  Explicitly, 


1  2k 


cos(9)=-l^=0 
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The  total  potential  is  taken  as  -fcos(0)  -WcosCO,).  In  the  high 
temperature  approximation,  exp(-U|/kT)  =  l-fcos(e,). 

((cos”  (6)))  =  ((cos"  (e,  ))^  -  /{(cos"*'  (0,  ))^  -  (cos'  (0,  ))^  (cos-  (0,  ))^ }) 
These  integrals  can  be  evaluated  analytically  giving 

(cos'’(e))=/^(/){i-z,H‘%,)} 

Equilibrium  statistical  mechanical  calculations  are  easily  modified  to 
take  into  account  nuclear  repulsive  effects  (in  the  hard  shell  limit,  by 
simply  adjusting  the  limits  of  integration).  Below  we  show  simulation 
data  for  a  typical  CLD-type  chromophore  in  PMMA,  where  we 
separate  (shape)  and  purely  intermolecular  electronic  effects. 


Figure  4.  Experimental  (solid  diamonds)  and  theoretical  (lines)  data 
are  compared  for  the  CLD-OMet  chromophore  in  PMMA. 
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The  chromophore  of  Figure  4  is  simply  CLD-1  (see  Figure  2)  with  the 
TBDMS  (tetrabutyldimenthylsilyl)  group  replaced  by  a  Met  (methyl) 
group. 

Several  features  of  Figure  4  merit  comment.  As  we  have  noted 
elsewhere  [2,5-7],  consideration  of  both  nuclear  repulsive  and  longer- 
range  purely  electronic  interactions  are  necessary  for  quantitative 
simulation  of  experimental  results.  Note  that  the  functional 
dependence  of  these  two  effects  on  chromophore  number  density  is 
different.  The  agreement  of  theory  with  experiment  is  not  perfect, 
which  in  the  present  case  reflects  the  neglect  of  higher  order  self- 
consistent  dielectric  corrections  (see  Figure  5  for  inclusion  of  these 
effects). 


Figure  5.  Theoretical  (lines)  and  experimental  (symbols)  results  are 
shown  for  FTC-type  chromophores  in  PMMA.  Diamonds  are  for 
FTC-1  and  circles  are  for  FTC-2  (see  Figure  2).  The  dashed  line  is 
obtained  treating  chromophores  as  hard  spheres.  The  straight  line  is 
for  total  neglect  of  intermolecular  electrostatic  interactions. 

Actually,  that  good  agreement  can  be  obtained  neglecting  these 
corrections  is  at  first  surprising  but  reflects  the  fact  both  negative  and 
positive  terms  are  associated  with  these  corrections.  That  is,  the 
medium  dielectric  attenuates  the  poling  field  felt  by  a  chromophore 
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but  also  attenuates  intermolecular  electrostatic  interactions  (which 
themselves  act  to  attenuate  the  effective  poling  field).  With  neglect  of 
higher  order  self-consistent  dielectric  iterations,  calculations  can  be 
carried  out  on  personal  computers. 

The  equilibrium  statistical  mechanical  calculations,  such  as 
shown  in  Figure  4,  tell  us  two  things.  First,  theoretical  results  tell  us 
that  we  want  to  make  chromophores  as  spherical  as  possible  because 
the  close  packing  of  prolate  ellipsoidal  structures  will  favor  centro- 
symmetric  chromophore  order.  Second,  theoretical  results  tell  what 
chromophore  concentration  will  lead  to  optimum  electro-optic  activity 
for  a  given  chromophore  structure  (shape).  As  discussed  elsewhere, 
these  theoretical  suggestions  have  been  tested  and  found  valid  for  a 
number  of  chromophore/polymer  systems  [2,5-7].  From  a  device 
standpoint,  the  important  result  is  that  a  number  of  chromophores  have 
been  designed  that,  when  examined  as  components  of  simple  polymer 
composites  of  PMMA  or  amorphous  polycarbonate  (APC,  Aldrich 
Chemicals),  lead  to  electro-optic  coefficients  greater  than  100  pm/V  at 
1.06  nm.  When  extended  protection  of  polyene  bridges  or  dithiophene 
units  [8]  are  incorporated,  values  approaching  130  pnW  have  been 
obtained.  The  chromophores  leading  to  these  high  values  of  electro¬ 
optic  activity  also  exhibit  thermal  stability  (chromophore 
decomposition  temperatures)  on  the  order  of  300°C.  These  materials 
hold  considerable  promise  for  pennitting  devices  with  1  volt  or  lower 
halfwave  voltages  to  be  routinely  fabricated. 

It  would  seem  as  if  the  theoretical  and  experimental  status 
polymeric  electro-optic  materials  is  in  good  shape  but  in  point  of  fact 
this  conclusion  is  premature.  A  number  of  critical  details,  including 
(1)  rigorous  justification  of  theoretical  approximations,  and  (2)  critical 
evaluation  of  device  performance  characteristics  under  harsh  operating 
conditions,  remain  to  be  convincingly  demonstrated.  The  remainder 
of  this  article  is  devoted  to  consideration  of  these  issues,  which  cannot 
be  definitively  put  to  rest  at  this  time. 

The  approximation  of  Piekara  [4],  describing  the  potential  felt 
by  a  reference  chromophore  from  surrounding  chromophores  as 
-Wcos82,  greatly  facilitates  the  treatment  long-range,  many-body 

chromophore  interactions.  Unfortunately,  it  is  not  simple  to  Justify 
this  approximation  from  first  principles.  Moreover,  equilibrium 
statistical  mechanical  methods  do  not  facilitate  the  consideration  of 
non-uniform  chromophore  distributions  arising  from  kinetic 
phenomena  such  as  chromophore  aggregation.  Thus,  to  test  the 
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approximation  of  Piekara  and  to  consider  non-equilibrium  as  well  as 
equilibrium  phenomena,  we  undertook  Monte  Carlo  simulations  of  the 
competition  of  poling  field  and  intermolecular  electrostatic 
interactions.  Monte  Carlo  calculations  are  carried  out  with  rigorous 
consideration  of  intermolecular  electrostatic  (e.g.,  dipole-dipole,  etc.) 
interactions  and  calculations  extend  over  non-nearest  neighbor 
interactions.  Indeed,  calculations  are  limited  only  by  the  finite  size  of 
the  3-dimensional  chromophore  lattice,  which  in  our  case  is  taken  as 
1000  interacting  chromophores.  Our  Monte  Carlo  results  are 
discussed  in  much  greater  detail  elsewhere  [7]  and  we  will  make  only 
a  couple  of  salient  points  here.  The  first  is  diat  Monte  Carlo  results 
lead  to  the  same  fimctional  dependence  as  found  with  the  Piekara 
approximation  (see  Figure  6). 
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Figure  6.  Comparison  of  the  fimctional  dependence  of  r/p  upon  N  is 
given  for  the  Piekara  approximation  (solid  and  dashed  lines)  and  for 
Monte  Carlo  methods  (connected  error  bars).  The  two  methods  are  in 
good  agreement. 

Monte  Carlo  calculations  reproduce  all  of  the  experimentally  observed 
trends,  e.g.,  the  dependence  of  r/p  curves  upon  chromophore  dipole 
moment  shown  in  Figure  7.  Note  that  strong  dependence  on  dipole 
moment  is  observed  only  for  values  greater  than  7  Debye  . 
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Figure  7.  The  variation  of  theoretical  (Monte  Carlo  calculation) 
curves  of  r/p  versus  N  with  chromophore  dipole  moment  is  shown. 

Theoretically-predicted  trends  are  in  good  agreement  with 
experimental  results  (e.g.,  see  Figure  1).  The  agreement  between 
equilibrium  statistical  mechanical  and  Monte  Carlo  calculations 
provides  support  for  Piekara  approximation.  Moreover,  Monte  Carlo 
calculations  suggest  that  chromophore  aggregation  and  phase 
separation  should  not  be  a  problem  for  corona  poling  of  chromophores 
considered  here.  However,  if  the  poling  field  strength  is  reduced  or  if 
chromophore  dipole  moments  are  further  increased,  aggregation  is 
predicted  to  become  problematic.  Monte  Carlo  results  do  explain  a 
number  of  experimentally-observed  kinetic  effects  including  electric 
field  dependent  phenomena.  Indeed,  Monte  Carlo  results  send  a 
strong  warning  to  pay  attention  to  the  details  of  processing  and  to 
properties  such  as  the  dielectric  constant  of  the  host  polymer.  Failure 
to  do  so  can  lead  to  chromophore  aggregation  and  unacceptably  high 
optical  loss.  On  the  positive  side,  Monte  Carlo  calculations  are 
starting  to  provide  insight  even  to  the  details  of  poling  dynamics  and 
to  the  interaction  of  chromophores  with  the  host  matrix  [9]. 
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DISCUSSION 


Our  attention  to  this  point  has  focused  on  improving  electro-optic 
activity.  Such  improvement  is  crucial  to  the  realization  of  a  number  of 
special  applications  including  lossless  optical  links  [2,3],  time 
stretching  [10]  and  ultrafast  analog-to-digital  conversion,  ultrastable 
oscillators,  optical  gyroscopes,  and  phased-array  radar  systems  [11]. 
Low  is  certainly  a  critical  consideration  for  some  applications 
including  those  involving  radioffequency  (RF)  photonics. 

However,  auxiliary  properties  such  as  optical  loss  (including 
material  and  mode-mismatch  or  insertion  loss),  thermal  stability, 
photochemical  stability,  and  ease  of  integration  with  other  systems 
components  and  circuitry  are  also  crucial.  Failure  in  any  area  can  be 
fatal  for  device  application. 

Just  as  electro-optic  activity  will  depend  upon  detailed  material 
structure,  so  will  photochemical  and  thermal  stability.  Simply 
attaching  the  second  end  of  a  chromophore  to  a  crosslinked  polymer 
lattice  can  improve  photochemical  stability  (for  irradiation  with  1,3 
micron  light)  from  nonexistent  even  for  50  mW  power  levels  and  low 
fluence  to  capable  of  withstanding  250  mW  power  radiation  to 
fluences  of  700  gigajoules  per  cubic  centimeter  or  higher  [1].  In  like 
manner,  such  chromophore  attachment  can  improve  the  thermal 
stability  of  electro-optic  activity  from  50-80°C  to  greater  than  170°C 
[1].  In  like  manner,  material  optical  loss  can  be  systematically 
reduced  by  isotopic  substitution;  we  have  realized  loss  values  on  the 
order  of  0.7  dB/cm  at  1 .3  |xm  and  1  dB/cm  at  1.55  p.m.  Even  lower 
values  are  likely  in  the  future  with  further  structural  modifications. 

What  is  not  typically  appreciated  is  that  polymeric  EO 
materials  represent  an  evolving  technology.  Improvement  in  one  area 
usually  results  in  a  temporary  set-back  in  other  properties  but  not 
always  so.  The  chromophores,  which  have  lead  to  large  electro-optic 
activity  for  composite  materials  [2,3],  have  already  been  incorporated 
into  hardened  lattices  with  the  result  of  greatly  improved  thermal  and 
photochemical  stability  with  only  modest  sacrifice  of  electro-optic 
activity.  While  the  ultimate  utility  of  these  materials  can  only  be 
ascertained  after  extended  beta  testing  of  devices,  there  is  every  reason 
to  believe  that  stability  comparable  to  lithium  niobate  will  be  realized 
for  operation  at  telecommunication  wavelengths.  As  we  have  already 
shown  [1],  it  is  unreasonable  to  expect  such  stability  for  composite 
materials  or  for  chromophores  having  a  single  point  of  attachment  to  a 
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low  glass  transition  polymer  such  as  PMMA  [1];  this  point  is  also 
made  by  others  in  this  volume. 
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Using  sub-5-fs  visible  pulses  the  real-time  observation  of  the  formation 
of  a  self-trapped  exciton  in  poly  diacetylenes  has  been  observed  for  the 
first  time.  The  stretching  mode  vibration(C-C,  27  fs,  C=C,  23  fs  and  C= 
C.  16  fs)  coupled  with  the  excitonic  transition  drives  the  coherent 
vibration  of  the  conjugated  backbone  structure  from  an  acetylene(A)-like 
(=CR-C  =  C-CR"=)n  to  a  butatriene(B)-like  (-CR=C=C=CR’-)n  1 
configuration.  The  former  two  modes  are  coupled  throu^  C-C=C 
bending  mode  with  an  oscillation  period  of  145  fs. 

Keywords:  real-time  spectroscopy,  poly  diacetylene,  mode-coupling, 
self-trapped  exciton 


1.  INTRODUCTION 

Optical  and  transport  properties  of  conjugated  polymers 
have  been  attracting  many  scientists  because  they  have 
potentiality  for  application  to  electronics  such  as  flexible 
conductors,  optoelectronics  devices  such  as  light-emitting 
diode,  and  photonics  such  as  all-optical  switches.  The 
polymers  are  of  interest  not  only  in  the  applications  but  also 
in  basic  physics,  because  they  are  models  of  one-dimeUvSional 
system  with  outstanding  characteristic  features  including 
optical  and  spectroscopic  properties.  These  are  due  to  the 
formation  of  localized  nonlinear  excitations  such  as  a  pair  of 
solitons,  polarons,  and  a  self-trapped  exciton  (STE)  formed 
via  a  strong  coupling  between  electronic  excitations  and 
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lattice  vibrations.  From  previous  extensive  studies  [1-6]  the 
initial  kinetics  after  photo-excitation  can  be  explained  by  a 
relaxation  of  a  free  exciton  (FR)  to  a  self-trapped  exciton 
(STE)  within  150  fs.  The  recent  achievement  of  sub-5-fs 
visible  pulse  generation  based  on  a  novel  noncollinear  optical 
parametric  amplification  (NOPA)  [7,8 1  has  enabled  the  real¬ 
time  observation  of  the  formation  of  a  STE  in  a  PDA  for  the 
first  time.  The  stretching  mode  vibration  (C-C,  27  fs,  C=C, 
23  fs,  and  C=C,  16  fs)  coupled  with  the  excitonic  transition 
drives  the  coherent  relaxation  of  the  backbone  structure  from 
an  acetylene  (A)-like  (=CR-C  =C-CR’=)„  to  a  butatriene 
(B)-like  (-CR=C=C=CR’-)„  configuration. 

2.  EXPERIMENTAL 

The  pulse- front- matched  NOPA  generates  transform- 
limited  (TL)  4.7-fs,  5-jiJ  1-kHz  pulses  centered  at  650nm 
with  a  250-nm  bandwidth  [7,8].  The  PDA  studied  is  a  novel 
ladder-polymer,  poly  [5,7,17, 1 9-tetracosatetraynylene  bis 
( N-butoxycar bonylmethyl )  car bamate  1(PDA-4BCMU4 A{8) ), 
with  two  PDA-backbones  linked  with  methylene  chains  [9]. 
The  transition  energy  to  an  I'B,,  FE  is  peaked  at  1.96eV, 
which  is  classified  to  a  typical  blue-phase  A-like  PDA  [1-6]. 
The  370-nm-thick  film  sample  prepared  by  spin  coating  was 
pumped  and  probed  with  the  visible  sub-5-fs  pulses  at  room 
temperature. 

3.  RESULTS  AND  DISCUSSION 

The  time  dependence  of  population  change  is  analyzed  at 
first  by  removing  the  oscillatory  structures  in  the  Fourier 
transform  of  the  normalized  transmittance  change  using  a 
low-pass  filter  and  back  transformation  to  the  time  domain. 
The  traces  ^T{t)^T  can  be  fitted  to  the  following  equation: 

f 

Ar(/)/r=  hr  )+ )]. 

(1) 

The  first  term  in  parentheses  is  due  to  the  instantaneous 
interaction  induced  by  coherent  coupling  and  extremely  fast 
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internal  conversion  (IC)  process  from  the  l‘fi„  free  exciton 
(FE)  state  to  the  Va^  state.  The  second  term  represents  the 
geometrically  relaxed  2'a^,  state  with  a  shorter  time  constant 
T,.  The  third  term  corresponds  to  IC  from  the  2‘A^,  state  to 
the  1  ground  state  by  the  quantum  mechanical  tunneling 
with  a  longer  time  constant,  ,  which  is  insensitive  to 
temperature.  The  shorter  time  constant  Tj  ranges  between 
50  and  150  fs  depending  on  the  probe  photon  energy.  This 
dependence  can  be  explained  by  the  differences  in  the  relative 
amounts  of  the  following  three  different  contributions  to  the 
signal:  (1)  internal  conversion  from  the  FE  state  to  the 
2'A„  state,  (2)  geometrical  relaxation  (GR)  from  acetylene 
type  to  butatriene  type,  (3)  thermalization  in  the  main  chain. 
It  is  difficult  to  separate  the  three  processes  by  the 
spectroscopic  data  available.  However  from  the  extremely 
low  quantum  yield  of  fluorescence  and  the  natural  lifetime 
estimated  from  the  absorption  coefficient,  the  time  needed 
for  the  IC  process  from  '  FE  state  to  the  2'A^,  state  is 
estimated  to  be  shorter  than  10  fs.  The  GR  process  takes  place 
within  an  oscillation  period  of  relevant  vibrational  mode  to 
the  configuration  change  because  of  the  lack  of  the  potential 
barrier  [3-6,101.  In  the  case  of  PDAs,  the  C=C  and  C-C 
stretching  modes  are  considered  to  be  most  strongly  coupled 
to  the  GR  process,  it  is  considered  to  be  terminated  in  30  fs, 
since  the  oscillation  periods  of  the  stretching  modes  are  22  fs 
(C=C)  and  27  fs  (C-C).  However  the  GR  processes  fully 
completed  only  after  intrachain  thermalization,  which  is  the 
energy  redistribution  process  among  various  vibrational 
modes  of  the  main  chain.  The  time  needed  for  this  process  is 
estimated  as  several  tens  to  a  hundred  femtoseconds  because 
of  the  low-frequency  main-chain  modes  involved.  Therefore 
the  rate-determining  step  is  the  intrachain  thermalization. 
Because  of  the  reduction  of  the  average  energy  of  the 
thermalization  of  the  geometrically  relaxed  2‘A^  state,  the 
lifetime  is  longer  for  higher  probe  photon  energy  in  the  case 
of  induced  absorption  and  vice  versa  in  the  stimulated 
emission  case  [3-6,101. 

The  traces  in  Fig.  1  clearly  exhibit  a  complex  oscillatory 
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behavior  in  the  normalized  transmittance  change.  The 
oscillation  is  ascribed  to  a  wave  packet  motion  composed  of 
several  modes  as  is  seen  in  molecular  systems.  From  the 
complex  features  it  is  clear  that  more  than  two  modes  are 
contributing  to  the  time-dependent  transmittance  change.  In 
spite  of  the  complexity,  there  are  systematic  features  in  the 
phases  of  the  oscillations.  For  example,  there  are  eight  peaks 
at  23,  44,  90,  154,  180,  200,  260,  and  308  fs  among  the 
eleven  prominent  peaks  in  the  trace  of  2.12  eV  and  the 
signal  intensity  is  minimum  at  these  delay  times  in  the  trace 
of  1.75  eV.  This  result  indicates  that  there  are  constant  phase 
relation  among  the  observed  modes  and  that  the  coherence 
times  of  the  relevant  modes  are  substantially  longer  than 
300fs. 

The  real-time  spectrum  is  given  by  the  transient 
differential  transmittance,  which  clearly  shows  a  coherent 
molecular  motion  composed  of  several  modes  over  the  whole 
probe  spectral  rangefFig.l].  The  integrated  Fourier  analysis 
of  the  real-time  spectrum  reveals  two  main  modes  of 
C=C('-l455cm  ')  and  C  =  C( -2080cm ')  stretching,  in 
addition  to  weaker  modes  around  220,  700,  and  1220cm  ',  of 
which  intensities  are  dependent  on  the  probe  wavelength. 
These  modes  are  also  observed  in  the  static  Raman  spectrum. 
The  vibration  persists  for  longer  than  Ips. 

Recent  experimental  and  theoretical  studies  manifest  the 
lowest  singlet  state  in  a  blue-phase  PDA  to  be  an  optically 
forbidden  2'Ag  state  lying  -O.IeV  below  an  l'B„  FE  state  [3- 
6].  The  fast  60-fs  decay  observed  around  £^^^^,^=1 .96eV  is 
attributed  to  the  internal  conversionflC)  from  a  photoexcited 
l‘B„  FE  to  a  2'Ag  FE.  The  long-lived  wavepacket  in  the 
bleaching  signal  is  thus  exclusively  assigned  to  a  ground-state 
motion  driven  by  impulsive  stimulated  Raman  scattering.  The 
stimulated  emission  from  an  FE  observed  at 

£p,ohe<l-8eV  is  suppressed  rapidly  by  the  IC,  followed  by  the 
relaxation  to  a  STE  that  causes  the  excited-state  absorption  of 
the  biexcitons<-STE  transition  [3-6].  The  net  formation  time 
of  STE  is  determined  to  be  about  80fs  and  the  lifetime  is 
1.5ps. 
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The  wavepacket  motion  in  a  STE  is  transferred 
coherently  from  the  l’B„  FE  via  IC,  which  indicates  the 
coherent  motions  of  the  C=C  and  C^C  stretching  along  the 
backbone  act  as  the  driving  force  of  the  geometrical 
relaxation  to  a  localized  B-like  structure  where  the  exciton  is 
self-trapped.  The  A->B  isomerization  and  following 
thermalization  of  STE  is  clearly  visualized  by  a  real-time 
frequency  analysis  using  a  spectrogram  [10].  The  interesting 
feature  is  the  ~200-cm  ‘  oscillation  of  the  mode  frequency, 
which  strongly  indicates  the  diabatic  coupling  of  the 
stretching  modes  with  the  wagging  mode  of  C-C-C  bending 
in  the  backbone.  After  the  energy  exchange  the  STE  is 
thermalized,  and  the  ‘-20-cm '  red  shift  of  each  mode 
indicates  the  thermal  B-like  backbone  creation. 

Very  recently,  it  was  reported  that  the  ground- state 
vibrational  motion  and  energy  flow  was  found  in  a  PDA  by 
coherent  anti-Stokes  Raman  scattering  (CARS)  [11].  However 
the  beat  frequencies  in  CARS  signals  between  neighboring 
vibrational  modes  and  isotope- shifted  modes  have  already 
been  observed  for  neat  liquids  of  CCI4  and  SnBr4  [12].  This 
phenomenon  must  be  explained  in  terms  of  the  beating  of  the 
same  mode  even  between  two  different  isotopic  molecules.  In 
the  CARS  experiment,  signal  detected  is  proportional  to  the 
vSquared  absolute  values  of  the  CARS  fields  and  beating 
appears  between  the  CARS  field  from  different  molecules 
like  isotopes.  Therefore  the  beating  in  [11]  is  not  related  to 
the  energy  flow.  While  in  our  experiment  the  difference 
transmittance  signal  is  proportional  to  the  vibrational 
amplitude  and  change  in  the  transmission  frequency  directly 
represents  the  change  in  the  instantaneous  mode  frequency. 

Therefore  this  is  the  first  real-time  observation  of 
vibrational  energy  flow  due  to  non-adiabatic  coupling 
between  vibrational  modes  via  another  mode.  This 
phenomenon  is  expected  widely  for  such  a  photoexcited 
molecular  system  in  non-equilibrium  states.  The  present 
results  offer  much  information  about  the  configuration 
change  and  geometrical  relaxation.  Theoretical  investigations 
of  the  electron- phonon  and  electron-electron  interactions  in 
various  molecular  systems  are  needed.  In  addition,  the 
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present  study  opens  a  novel  technique  to  investigate  the  real¬ 
time  inter-mode  exchange  of  the  vibrational  energy  among 
various  modes,  which  is  closely  related  to  photo-  and 
thermo-chemical  reactions. 

The  amounts  of  the  modulated  bond-length  and  bond- 
orders  can  be  estimated  from  the  frequency  modulation. 
Lewis  et  al.  introduced  the  following  empirical  relation  [13] 

B 

r  =  /; ,  +  — , 

where  the  stretching  force  constant  AT.j  between  two  atoms  i 
and  J  is  related  to  the  bond-length  The  parameters  = 
0.106  nm  and  B  =  1.65x10  N  were  evaluated  in  the  case  of 
PDA-PTS  (2,4-hexadiyne-l,6-diol).  Batchelder  et  ai 
estimated  Ar,j’s  in  the  excited  state  as  =  474  N/m  and 
-  481  N/m  [14].  Because  the  modulation  of  C  =  C  stretching 
and  two  other  stretching  modes  through  bending  modes  are 
only  weakly  correlated,  we  only  consider  the  coupling 
between  the  two  stretching  modes: 


(dv,.. 

dv,.,  ^ 

dK,_, 

dK,.. 

dv,. 

[dK,,. 

dv,. 
dK,.  j 

The  components  of  the  matrix  of  differential  coefficients 
dv 

— ^  are  given  in  [15]  for  a  PDA-PTS  crystal  in  the  ground 
oK 

M 

State.  There  is  no  information  about  the  excited  state,  which 
limits  us  to  use  these  coefficients  for  the  first  calculation.  The 
modulation  depths  =  =i6fm  '  yields  the  modulated 
bond-lengths  of  ±0.0026  nm  and  Ar^  =  +0.0025  nm 

from  Eqs.  (1)  and  (2).  Using  =  0.14  nm  in  the 

excited  state  [14],  the  relative  modulations  of  and  are 
±1.9  %  and  +1.8  %,  respectively. 

The  modulations  of  the  7t-bond-orders  of  single  and 
double  bonds  are  estimated  by  using  the  simple  relationship 
between  the  mode  frequency  and  bond-order  5  derived  by 
Baughman  et  al.  [16].  The  modulation  depth  A5  is  obtained  as 
±0.031  from  by  applying  Dewar’s  relationship 

512.4  cni  ‘  to  the  2'Ag  state  of  a  PDA- 
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4BCMU4A(8).  If  we  set  =  0-14  nm,  S=  0.41  [17] 

then  the  relative  modulation  is  estimated  as  7.6  %. 

These  estimations  are  based  on  the  following  several 
assumptions.  First,  the  values  of  PDA-PTS  investigated 
previously  in  detail  [3-6]  are  used  because  there  is  no 
experiments  of  femtosecond  spectroscopy  of  PDA- 
4BCMU4A(8).  Second,  in  [14]  and  r-j's  in  the  excited 
state  were  estimated  by  measuring  resonance  Raman 
excitation  profiles,  which  only  reflect  the  molecular  structure 
in  the  1  'B„  state  and  includes  no  information  about  the  2'Ag 

<9v 

state.  Third,  the  values  of  — ^  in  the  ground  state  is  used 

with  the  assumption  of  Eq.  (2).  Finally,  Dewar’s  relationship 
used  in  [16]  is  based  on  the  assumption  that  in  determining 
bond-lengths  Ti-election  resonance  is  much  less  important 
than  hybridization  when  only  one  classical  structure  of  the 
molecule  can  be  written  [17].  The  Tt-electron  resonance  is, 
however,  to  be  non-negligible  in  a  strongly  electron- 
correlated  system  such  as  a  PDA. 

As  mentioned  before  the  geometrical  relaxation  is  not 
complete  and  the  structure  of  the  backbone  may  be  only 
“butatriene-like”  even  after  geometrical  relaxation.  The  C=C 
bond  is  remained  in  the  center  of  the  butatriene-like  unit  with 
the  reduced  bond-order  and  also  vibrating.  However,  because 
the  bond  is  not  connected  with  the  C-C=C  bending  portion  of 
a  repeat  unit,  it  may  experience  negligible  effects  by  the 
bending  motion  and  evolve  almost  independently.  The 
amounts  of  modulations  of  the  bond-lengths  and  bond-orders 
mentioned  above  may  be  overestimated  because  of  the 
assumption  of  a  completely  delocalized  structure  (rc_c=rc=c)- 
In  fact  it  is  difficult  to  determine  the  amounts  of  the  bond- 
orders  in  the  2'Ag  state.  Even  though  there  is  some 
ambiguities  in  the  above  estimated  amounts  of  modulation 
depth,  the  present  results  are  the  first  observation  of  coupling 
between  normal  modes  via  the  vibration  of  other  modes. 
These  phenomena  are  expected  to  be  widely  observed  in  such 
a  photoexcited  non- equilibrium  system  in  such  a  short  time 
scale. 

Here  the  sizes  of  amplitudes  and  frequencies  are 
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compared  with  each  other.  The  maximum  fractional  changes 
in  the  amplitude  are  as  large  as  25-30%  as  probed  at  2.04  and 
1.68  eV  in  Fig.  1.  On  the  other  hand,  those  in  the  frequency 
b{A(0/0))  are  less  than  about  2%  at  most.  If  the  force 
constant  change  that  induces  frequency  change  as  mentioned 
above  is  the  only  one  origin  of  the  amplitude  modulation, 
then  it  is  expected  that  these  two  fractions  of  modulation  must 
be  equal  to  each  other.  In  real  molecular  systems  time 
dependent  configuration  change  induced  by  the  bending 
motion  leads  to  the  change  in  the  potential  minimum 
coordinate  and  the  zero-zero  transition  energy  in  the 
stretching  configuration  space. 

In  the  case  of  PDA  studied  in  the  present  paper,  these 
effects  are  much  larger  than  that  due  to  force  constant  change 
This  phenomenon  is  also  found  in  a  dye  molecular  system  of 
cresyl  violet  doped  in  poly(methylmetaacrylate)  (PMMA),  of 
which  sample  was  prepared  by  casting  on  a  substrate. 

The  present  results  will  offer  a  valuable  information 
about  the  geometrical  relaxation  and  encourage  the 
theoretical  investigations  of  the  election-phonon  and 
electron-electron  interactions  in  non-degenerate  conjugated 
polymers.  The  experimental  technique  of  real-time 
spectroscopy  with  sub-5  fs  pulses  can  reveal  the  structure  of 
intermediates  or  transition  states  in  the  dynamical  processes 
from  the  dynamic  molecular  vibrational  spectra.  It  is 
invaluable  to  clarify  the  mechanism  of  chemical  reactions, 
such  as  isomerization  and  tautmerization. 

4.  Conclusion 

Primary  dynamics  of  polydiacetylenes  has  been  studied 
with  the  highest  time  resolution.  The  vibrational  non¬ 
equilibrium  in  the  relaxed  state  is  characterized  by  the 
modulations  of  instantaneous  frequency  and  amplitude  with 
145-fs  oscillation  period.  This  phenomenon  is  explained  by 
the  coupling  of  the  C=C  and  C-C  stretching  modes  via  an  in¬ 
plane  bending  mode  in  the  main  chain.  This  is  the  first  real¬ 
time  observation  of  dynamic  coupling  between  two  modes. 
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Fig.  1.  Coherent  wavepacket  motion  in  the  transient  differentia! 
transmittance.  The  probe  photon  energy  is  marked  on  the  right.  The 
probe-pulse  spectrum  after  the  sample  was  measured  by  a  monochromater 
with  a  5-nm  resolution  and  a  lock-in  amplifier.  The  excitation  photon 
density  is  about  10'  ‘'  photons/cm\ 
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Abstract  Two  categories  of  DAST  derivatives  were  synthesized.  For  EO 
applications,  the  polyene  analogues  with  increased  double-bond  number  between 
two  aromatic  rings  of  DAST  and  fused-ring  derivatives  of  DAST  were  prepared  for 
larger  ^  than  DAST  cation,  and  promising  cations  were  found.  For  frequency 
conversion  of  diode  lasers,  substituted  pyridiniums  were  investigated  to  obtain 
crystals  better  than  inorganic  compounds.  By  choosing  proper  counter  anions, 
several  SHG-active  crystals  without  visible  absorption  have  been  found. 


INTRODUCTION 


Organic  ionic  crystals  have  several  advantages  over  conventional  organic  non-ionic 
crystals.  For  example,  hyperpolarizability  {0}  larger  than  that  of  non-ionic  species,  which 
originates  from  charged  ji-conjugated  system,’  can  be  realized.  The  orientation  of  ionic 
chromophores  in  crystals  can  be  varied  by  substituting  its  counter  anion."  Namely,  if  we 
could  find  an  ionic  species  with  large  /5,  we  could  concentrate  on  searching  proper  counter 
ions  to  align  the  objective  ionic  species  resulting  in  large  nonlinear  optical  (NLO) 
coefficient  d  or  electro-optic  (EO)  coefficient/-.  High  melting  points  and  hardness,  which 
arc  important  properties  for  fabrication  process  of  the  materials,  are  expected  due  to 
Coulombic  attraction  of  the  species  in  crystals.  Among  such  compounds,  l-methyl-4-{2- 
[4-(dimethylamino)phenyl]ethenyl}pyridinium//-toluenesulfonate(DAST;  If  in  FIGURE 
1)  was  first  discovered  by  our  group  as  an  organic  ionic  NLO  crystaP"'  and  was  also 
investigated  by  Marder  and  colleagues.^  '*  It  is  now  recognized  as  one  of  the  best  organic 
materials  for  second-order  NLO  applications.’  ’” 

Research  on  the  DAST  family  to  improve  the  properties  still  continues,  and  our 
recent  studies  are  conducted  for  the  following  two  purposes.  For  EO  telecommunication 
applications,  input  laser  wavelengths  around  1.3  fxm  or  1.5  pm  can  be  used.  Since  the 
absorption  cutoff  wavelength  (A„)  of  DAST  is  around  700  nm  and  it  can  be  shifted  further 
to  longer  wavelengths  for  this  purpose,  ionic  species  with  larger  than  DAST  cation  can 
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be  designed  by  its  jr-conjugation  extension  to  enhance  p.  Thus,  polyene  analogues  and 
fused-ring  analogues  of  DAST  cation  were  prepared.  For  frequency  conversion  of  diode 
lasers,  crystals  without  absorption  in  visible  region  are  required.  In  order  to  shift  A ,  to  the 
UV  region,  substituted  pyridinium  derivatives  with  shorter  jr-conjugated  systems  than 
DAST  cation  were  prepared  for  species  with  larger  d  constant  than  inorganic  materials  and 
hopefully  for  those  with  larger  /^than  colored  p-nitroanilinc  (/?NA).  This  article  reports 
preparation  of  DAST  analogues  mentioned  above  and  their  properties. 

EXPERIMENTAL 

Chemical  structures  of  the  compounds  investigated  in  this  study  and  their  synthetic 
procedures  arc  shown  in  FIGURE  1.  As  precursors  of  polyene  analogue  of  DAST  cation, 
JT-conjugated  aldehydes  having  more  than  two  double-bonds  between  a  phenyl  ring  and 
the  formyl  group  were  obtained  using  a  Wittig  reaction"  to  increase  the  number  of  double 
bonds  in  a  stepwise  manner,  starting  from  commercial  4-(dimcthylamino)- 
cinnamaldchydc.  DAST  polyene  analogues  2a-5a  with  iodide  as  a  counter  anion  were 
prepared  by  condensation  reaction  of  1,4-dimethylpyridinium  iodide"  and  the 
corresponding  aldehydes  in  methanol  at  room  temperature  using  piperidine  as  a  catalyst. 
DAST  analogues  1a'-5a'  that  arc  soluble  in  chloroform  were  also  synthesized  in  the 
similar  manner  using  4-methyl-l-octadecylpyridinium  bromide  instead  of  1,4- 
dimethylpyridinium  iodide. 

For  precursors  of  fused-ring  analogues  of  DAST  cation,  6-(dimcthylamino)-2- 
naphthaldehydc  and  2,6-dimcthylisoquinolinium  iodide  were  synthesized.  A  route  to 
.synthesize  the  former  compound  and  naphthylene  analogues  of  DAST  (6a  and  7a)  will 
be  reported  elsewhere. The  latter  isoquinolinium  compound  was  prepared  by  the  reaction 
of  6-methylisoquinolinc"''^  and  iodomcthanc  in  quantitative  yield.  The  isoquinolinium 
analogues  of  DAST  (8a  and  9a)  were  obtained  by  the  reaction  of  2,6- 
dimcthylisoquinolinium  iodide  and  the  corresponding  aldehydes  in  the  presence  of 
pyrrolidine"  in  ethanol  under  refluxed  condition. 

In  order  to  prepare  crystals  with  an  optimal  orientation  of  the  chromophorcs 
resulting  in  crystals  having  large  d  values,  the  iodide  anion  was  converted  into  substituted 
bcnzcnesulfonatc  anions  using  silver  salts  of  the  corresponding  anions  for  1c-4c,  1f-4f, 
1i-4i  and  1k-4k  or  the  sodium  salt  for  1 1-4I. 

Substituted  pyridinium  iodides  for  colorless  materials  were  synthesized  by  simple 
quaternization  of  the  corresponding  substituted  pyridine  by  iodomcthanc.  Pyridinium 
derivatives  prepared  were  4-mcthyl-  (10),  4-ethyl-  (11),  4-amino-  (12),  4- 
dimcthylamino-  (13),  4-carbamoyl-  (14),  4-mcthoxycarbonyl-,  4-cyann-,  3-carbamoyl-, 
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Mel  or  CieHsTBr 
THF 


Me 


R=Me,  A=l  (quant.) 
R=CibH37.  A=Br  (72%) 


MeaN 


DMF 


n=2  (76%) 
CHO  n=3  (63%) 
n-1  n=4  (37%) 


Qnh.k 


R=Me,  A=l  R=Ci8H37,  A=Br 
1a  :  n=1  (52%)  la'  :  n=1  (45%) 
2a:n=2(50%)  2a';n=2(17%) 
3a;n=3(64%)  3a':n=3(41%) 
4a  :  n=4  (45%)  4a‘ :  n=4  (27%) 
5a  :  n=5  (59%)  5a' :  n=5  (27%) 


Me2N-4  a 


Ag^ 


N-Me 


,  .N-Me 


1c-4c;Z=NH2 
1f-4f  :Z-Me 
IMt  :Z=CI 
1k-4K;Z=N02 

1MI  :Z^-N=N-C6H4-NMe2 


10m-14n  etc. 


-03S-Q-Z 

10b-14|  etc. 


FIGURE  1  Synthetic  procedures  and  chemical  structures  of  compounds  investigated. 
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3-mcthoxycarbonyi-  and  3-chIoro-l-mcthylpyridiniums  in  addition  to  1-mcthyI- 
pyridinium.  For  the  pyridinium  salts  with  4-substitutcd  benzoate,  anion  exchange  was 
performed  for  iodide  salts  using  the  corresponding  silver  benzoate.  4-Amino-  (m).  4- 
hydroxy-,  4-methoxy-,  4-methyl-,  4-chloro-,  4-bromo-  (n),  4-cyano-  and  unsubstituted- 
benzoates  were  used  to  prepare  the  salts.  Pyridinium  bcnzcnesulfonatc  salts  were  directly 
obtained  by  quaternization  reaction  of  the  corresponding  pyridine  derivatives  by  methyl 
bcnzcnesulfonatc  derivatives.'"  Bcnzencsulfonate  derivatives  used  were  4-dimethylamino- 
(b),  4-amino-  (C),  4-hydroxy-  (d),  4-mcthoxy-  (e),  4-methyi-  (f),  4-acetylamino-  (g),  4- 
chloro-  (i),  4-bromo-  (J)  and  unsub.stituted-  (h)  benzcncsulfonates.  In  addition,  1  -ethyl-4- 
(dimcthylamino)pyridinium  iodide  15a  was  also  prepared  from  4-(dimcthylamino)- 
pyridinc  and  iodocthanc. 

The  structure  and  composition  of  these  salts  were  confirmed  by  'H  and  ’^C  NMR, 
IR,  elemental  analysis  and  differential  scanning  calorimetry.  Optical  properties  of  the  salts 
were  characterized  by  UV  and  visible  absorption  spectra  in  solution.  The  /?  values  of  the 
ionic  species  at  zero  frequency  in  vacuum  were  calculated  using  scmicmpirical  MOPAC 
PM3  method,  and  these  p  values  arc  expressed  as  For  compounds  1a'-5a', 

experimental  values  in  chloroform  at  13(K)  nm  were  evaluated  by  the  modulated  hyper- 
Rayleigh  scattering  (HRS)  technique.”-^"  For  the  compounds  without  absorption  at 
second-harmonic  generation  (SHG)  wavelength  of  Nd:YAG  laser,  experimental  fi  values 
in  methanol  at  1064  nm  were  evaluated  by  the  conventional  HRS  method.^'  ”  The  obtained 
/I  values  were  corrected  into  at  zero  frequency  according  to  the  two-level 

model.”  SHG  activity  of  the  salts  synthesized  was  qualitatively  investigated  by  the 
powder  method”  using  1079-nm  input  beam. 

RESULTS  AND  DISCUSSION 

Derivatives  with  extended  jt-coniueation  system 

The  absorption  maximum  wavelength  and  in  methanol  of  polyene  analogues  1a- 
5a  arc  summarized  together  with  their  values  in  TABLE  I.  When  the  double-bond 


TABLE  I  A^^s  and  A, 

„s  in  methanol  and  /?o^,,s  of  polyene 

analogues  1a-5a 

Compound 

/  nm 

A„  /  nm 

fiock  /  esu 

la 

476 

605 

241 

2a 

495 

670 

419 

3a 

507 

710 

603 

4a 

518 

755 

870 

5a 

516 

800 

922 
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TABLE  II  and  of  polyene  analogues  1a'-5a'  in  chloroform 


Compound 

/  nm 

la' 

496 

720 

36 

2a' 

524 

825 

481 

3a' 

546 

880 

496 

4a' 

556 

920 

171 

5a' 

570 

1040 

224 

number  increases,  A„  gradually  shifts  to  longer  wavelength.  However,  the  bathochromic 
shift  of  A,^,  is  almost  unchanged  between  4a  to  5a.  Interestingly,  the  rate  of  increase  in 
fio.cok  rjses  from  1  a  to  4a  while  it  fairly  drops  from  4a  to  5a.  In  chloroform  solution  of 
the  similar  compounds  1a'-5a',  A,^,  A,„  and  values  were  evaluated  as  shown  in 
TABLE  II.  The  bathochromic  shift  of  becomes  small  in  general  from  la'  to  5a', 
though  the  saturation  tendency  seems  to  be  weak  compared  with  the  case  of  methanol 
solution  of  1a-5a.  The  bathochromic  shift  of  A„  from  4a'  to  5a'  becomes  large  due  to 
broadening  of  the  absorption  band.  The  largest  value  was  observed  for  3a’  and 
similar  value  was  also  obtained  for  2a'.  The  reason  for  decrease  in  values  of  4a' 
and  5a',  compared  with  those  of  2a'  and  3a',  may  be  due  to  contribution  from  single- 
cis  conformers,  which  have  smaller  (}  values  than  the  aW-trans  conformer,  in  solution.^ 
Considering  from  these  optical  data  and  synthetic  and  crystal-growth  easiness,  cationic 
structures  of  2a  and  3a  seemed  to  be  the  most  interesting  species  among  1  a-5a  to  align 
them  properly  in  crystals  for  large  d  and  r. 

Anion  exchange  from  iodide  to  substituted  benzenesulfonate  was  performed  for 
1a-4a.  From  the  powder  SHG  test,  all  4-amino-,  4-methyl-,  4-chloro-  and  4-nitro- 
benzcnesulfonate  salts  except  3i  were  found  to  be  SHG  active  in  their  pure  crystalline 
states.  However,  none  of  them  shows  SHG  activity  in  their  crystals  with  crystal  water. 
On  the  other  hand,  4'-(dimethylamino)azobenzene-4-sulfonate  salts  11-41  are  SHG 
inactive  in  their  pure  crystals.  However,  SHG  activity  was  found  in  water  containing 
crystals  of  21  and  31.  For  2l«HjO  crystal,  crystal  structure  analysis  was  completed  and  its 
crystal  system  and  space  group  were  found  to  be  triclinic  PL’^  By  applying  the  oriented 
gas  modeP^  to  this  crystal  structure,  its  d  value  was  estimated  using  values  to  be 
about  1 .3  times  as  large  as  that  of  DAST,  when  the  local  field  factors  of  2I*H20  crystal 
were  set  to  be  the  same  as  those  of  DAST. 

In  the  case  of  fused-ring  systems,  values  became  larger  when  compared  with 
polyene  analogues  with  calculated  transition  energy  similar  to  that  of  the  fused- 

ring  derivative.^  The  and  A„  in  methanol  and  values  of  the  fused-ring  analogues 
of  DAST  synthesized  are  summarized  in  TABLE  III.  Actually,  A,„„.s  of  6a,  8a  and  9a 
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TABLE  III  and  in  methanol  and  of  fused-ring  analogues  6a-9a 


Cttmpound 

>C/nm 

/  nm 

esu 

6a 

474 

630 

3.34 

7a 

482 

690 

8a 

473 

630 

288 

9a 

463 

640 

340 

were  found  to  be  shorter  than  those  of  la,  although  these  fused-ring  compounds  were 
calculated  to  have  1.2-1. 4  times  of  of  1a.  The  similar  tendency  was  also  found  for 
the  compounds  with  two  double-bonds.  Namely,  the  of  7a  was  also  located  at 
shorter  wavelength  than  that  of  2a,  although  2a  possesses  only  about  80^;^  of  of 
7a.  However,  absorption  bands  of  fused-ring  compounds  tend  to  be  broad  as  shown  in 
FIGURE  2  resulting  in  extending  to  relatively  longer  region.  Anion  exchange  to 
prepare  SHG-activc  crystals  are  being  studied  for  fused-ring  systems. 

The  relationship  between  and  absorption  properties  such  as  2^^,  and  A.  was 
investigated  for  the  DAST  analogues  with  extended  jr-conjugation.  In  FIGURE  3  (a)  for 
VS  the  points  for  the  fused-ring  analogues  arc  in  the  upper  area  than  the  line 
through  the  points  for  polyene  analogues  1a-4a.  This  implies  that  larger  is  expected 
for  the  fused-ring  analogues  when  compared  with  a  polyene  analogue  having  similar 


300  400  500  600  700 


Wavelength  /  nm 

FIGURE  2  Comparison  of  UV  and  visible  absorption  spectra  among  DAST  analogues 
with  extended  jt-conjugation. 
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FIGURE  3 


Relation  between  and  absorption  properties  in  methanol  for  some 
DAST  analogues;  (a)  vs  and  (b)  vs  Symbol  •  is 
for  a  series  of  polyene  analogues  with  pyridinium  and  phenylene  rings 
(1a-4a).  Symbol  ■  is  for  a  series  of  polyene  analogues  with 
pyridinium  and  naphthylene  rings  (6a  and  7a).  Symbols  O  and  □ 
represent  the  compound  with  isoquinolium  and  phenylene  rings  (8a) 
and  that  with  isoquinolium  and  naphthylene  rings  (9a),  respectively. 
For  (a),  solid  lines  show  the  tendency  among  the  same  series  of 
compounds.  For  (b),  a  dashed  line  indicates  the  tendency  for  all  the 
compounds. 
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However,  due  to  the  broadening  of  the  absorption  band  of  the  fused-ring  analogues,  all  of 
the  points  for  compounds  investigated  are  on  the  same  curve  in  FIGURE  3  (b)  for  vs 
/%.c.k-  Thus,  we  can  select  an  optimum  NLO  compound  depending  on  input  laser 
wavelength  among  these  series  of  compounds. 

Derivatives  with  short  Ji-coniugation  lengths 

For  frequency  conversion  of  diode  lasers,  we  have  investigated  pyridinium  cations 
without  absorption  in  the  range  longer  than  400  nm.  Their  values  arc  comparatively 
large  irrespective  of  their  short  A^s  in  UV  region.  For  instance,  the  values  of  4- 
{dimelhylamino)-l-methylpyridinium  with  A„  of  about  390  nm  w'as  found  to  be  about 
twice  of  that  of  colored  /jNA  with  A^  of  about  475  nm  3"  For  counter  anions  of  pyridinium 
derivatives,  we  have  investigated  mainly  4-substitutcd  benzoates^*  and  bcnzcncsulfonates^’^ 
because  counter  anions  also  should  not  have  absorption  in  visible  region.  In  spite  of  A,^ 
shorter  than  400  nm,  several  anions  were  evaluated  to  have  about  equal  to  twice  of  the 
v^ilues  of  pNA. 

SHG  activity  of  the.se  salts  was  qualitatively  studied  by  the  powder  method. 
Among  99  pyridinium  bcnzcnesulfonatc  salts  synthesized  according  to  combinations 
between  11  pyridinium  cations  and  9  bcnzcnesulfonatc  anions,  SHG  activity  was 
observed  for  16  crystals.  For  pyridinium  benzoate  derivatives,  73  salts  could  be 
crystallized  from  88  combinations  between  11  pyridinium  cations  and  8  benzoate  anions, 
and  only  two  SHG-activc  crystals  were  confirmed.  The  difference  in  probability  of 
obtaining  SHG-active  crystals  between  benzencsulfonate  and  benzoate  may  be  mainly  due 
to  molecular  structure  of  anions;  that  is,  though  benzoate  anion  has  a  simple  planer 
structure,  benzencsulfonate  anion  is  composed  of  a  tetrahedral  sulfonate  group  and  a 
planer  benzene  ring. 

Correlation  between  the  substituents  and  SHG  activity  of  those  salts  is  tabulated  in 
TABLE  IV.  This  table  includes  all  of  SHG*active  pyridinium  salts  found  in  this  study. 
Among  them,  4-amino--’°  and  4-caTbamoyl-l-mcthylpyridinium^'  derivatives  12  and  14 
showed  relatively  high  probability  to  give  nonccntrosymmetric  structures  with  strong 
SHG  intensity  in  powder  form.  From  the  X-ray  crystallographic  analysis  of  these  SHG- 
activc  salts,  the  hydrogen-bonding  patterns  were  found  to  be  an  important  factor  to  align 
the  species  in  nonccntrosymmetric  structures.  In  the  case  of  4-aminopyTidinium 
derivatives  with  SHG  activity,  hydrogen  bonds  are  formed  between  a  hydrogen  atom  in 
the  amino  group  of  a  cation  of  an  ion  pair  and  an  oxygen  atom  in  the  sulfonate  group  of 
the  adjacent  anion  of  the  other  ion  pair.  Two  hydrogen  atoms  in  an  amino  group  arc 
connected  to  two  different  sulfonate  anions  and  two  oxygen  atoms  in  a  sulfonate  group 
are  connected  to  two  different  pyridinium  cations.  Through  this  hydrogen-bonding 
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TABLE  IV  The  powder  SHG  activities  of  prepared  l-methylpyridinium 


benzenesulfonate  and  benzoate  salts 


X-(^N-Me 

b 

c 

d 

e 

f 

g 

h 

i 

I 

m 

n 

Y=SO, 

SO, 

so; 

SO, 

SO, 

so,' 

SO, 

SO, 

so. 

CO, 

O 

p 

Z=NMe2 

NH, 

OH 

OMe 

Me 

NHCOMe 

H 

Cl 

Br 

NH, 

Br 

10:X=Me 

X 

X 

X 

X 

o 

X 

X 

o 

X 

X 

X 

11:X=Et 

X 

X 

X 

X 

o 

X 

X 

X 

O 

X 

X 

12:X=NH, 

O 

X 

© 

© 

© 

X 

X 

© 

© 

X 

X 

13:X=NMe, 

X 

o 

X 

X 

X 

X 

O 

X 

X 

O 

O 

14:X=CONHj 

X 

X 

o 

© 

X 

O 

X 

X 

© 

X 

X 

©=strongly  active,  0=weakly  active,  X  =inactivc 


network,  infinite  ion-pair  arrays  with  polar  orientation  are  created  in  these  crystals.  For  4- 
carbamoylpyridinium  derivatives,  the  SHG  active  crystals  generally  show  the 
intermolecular  hydrogen-bond  formation  between  carbamoyl  hydrogen  atoms  and 
sulfonate  oxygen  atoms  or  between  carbamoyl  hydrogen  atoms  of  the  adjacent  ion-pairs, 
resulting  in  similar  hydrogen-bond  network,  to  give  noncentrosymmetric  structures. 
Beside  these  salts  with  aromatic  anions,  Y-ethyl-substituted  pyridinium  iodide  15a  was 
curiously  found  to  be  SHG  active  though  the  ionic  structures  are  relatively  simple. 

For  SHG-active  crystals,  the  SHG  coefficients  (rfs)  at  1064  nm  were  estimated  by 
using  the  oriented  gas  model.“  Based  on  the  assumption  of  no  intermolecular  interactions, 
the  diagonal  and  off-diagonal  d  components,  i.e.  dzzz  and  d^xx,  respectively,  and  Z-axis 
corresponding  to  polar  axis,  were  calculated  according  to  the  following  equations: 

(1) 

and 

dzxx=  ^fz'"  (fx°f  ^  Azz  cos  6  sin^6,  (2) 

where  N  is  the  number  of  chromophores  in  a  unit  volume,  //%  //  and  fx^  are  Lorentz's 
local  field  factors  for  the  corresponding  direction  and  frequency,  denotes  the  fi  value 
along  the  molecular  charge-transfer  axis,  and  6^  represents  angle  between  polar  axis  of  the 
crystal  and  the  molecular  charge-transfer  axis.  Summation  was  performed  over  the  cation 
and  its  counter  anion  in  the  crystals.  In  this  estimation,  the  values  for  pyridinium 
cations  and  benzenesulfonate  anions  were  employed.  Local-field  factors  for  present 
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TABLE  V  A„,  space  group,  and  calculated  d  values  of  several  SHG-activc  crystals. 


1  -OaS-^^Z  or  r 

K! 

nm 

Space 

group 

dyyy  / 

pmV  ’ 

pmV  • 

12d  :  X=NH„  R=Me/Z=OH 

340 

PI 

41 

2 

121  :  X=NH„  R=Me/Z=CI 

340 

Cc 

37 

3 

12j  :  X=NH„  R=Me/Z=Br 

340 

Cc 

38 

3 

14e  :  X=C0NH3,  R=Me  /  Z=OMe 

370 

Cc 

6 

11 

14j  :  X=CONH„  R=Me  /  Z=Br 

370 

P2, 

5 

12 

15a  :  X=NMe„  R=Et/l  ‘ 

390 

P2, 

8 

19 

H2N-^^^N02  (MNA) 

475 

Cc 

86" 

10" 

C2n-^^N02  (NPP) 

HO'^ 

500 

P2. 

9' 

25= 

The  dzy-,_  and  dyja  values  were  calculated  using  Eqs.  (1)  and  (2),  respectively. 
"Experimental  d  values  reported  for  MNA  are  250  pmV '  for  d^  and  38  pm V '  for  d,.” 
Experimental  d  values  reported  for  NPP  are  31  pmV  ’  for  rf,,  and  83  pmV '  for  d„.^ 


crystals  were  referred  to  those  of  3-methoxy-4-hydroxybenzaldehydc  (MHBA)  crystal^ 
whose  space  group  and  arc  monoclinic  P2,  and  around  370  nm.  respectively,  and  they 
were  considered  to  be  close  to  the  crystals  in  this  study.  The  d  values  of  2-mcthyl-4- 
nitroaniline  (MNA)”  and  A-(4-nitrophcnyl)-L-prolinol  (NPP)""  were  also  estimated  for 
comparison.  The  calculated  results  arc  summarized  in  TABLE  V.  Among  pyridinium 
derivatives,  the  largest  diagonal  d  component  was  estimated  for  12d  to  be  about  half  of 
that  of  MNA  irrespective  of  its  excellent  transparency  in  visible  region.  This  is  mainly  due 
to  parallel  orientation  of  the  ionic  chromophorcs  for  triclinic  space  group  PI .  On  the  other 
hand,  the  largest  off-diagonal  d  component  was  obtained  for  15a  which  was  estimated  to 
be  about  three-fourths  of  that  of  NPP.  The  crystal  of  15a  belongs  to  monoclinic  space 
group  P2„  and  angle  6  was  observed  to  be  56.8°,  which  is  very  close  to  optimal  d  of 
54.7  needed  to  maximize  dyja  value.  Since  the  present  crystals  arc  completely  transparent 
in  visible  region,  they  have  potential  for  frequency  conversion  of  conventional  diode 
lasers. 

CONCLUSION 


For  DAST  derivatives  with  extended  ni-conjugation  system,  cationic  structures  of  2a  and 
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3a  with  larger  values  compared  with  DAST  cation  are  worth  investigating  for 
noncentrosymmetric  alignment  in  crystals  to  achieve  larger  d  and  r  values  than  those  of 
DAST.  Compounds  to  be  used  among  series  of  polyene  and  fused-ring  analogues  of 
DAST  may  be  selected  for  various  absorption  cutoff  limits.  However,  if  the  using 
purpose  of  NLO  crystals  was  limited  to  EO  applications,  DAST  would  be  the  best 
compound  at  present  because  of  its  large  r  value  exceeding  that  of  lithium  niobate  and  its 
good  crystal-growth  ability.  Thus,  the  studies  concentrated  on  DAST,  including  growth 
of  single  crystals  with  high  optical  quality,  waveguide  fabrication  without  optical  loss  and 
so  on,  seems  to  be  inevitable. 

For  molecules  with  short  jt- conjugation  lengths,  4-substituted  pyridinium  salts 
were  found  to  be  promising  for  short  cutoff  materials  for  frequency  conversion  of  diode 
lasers.  Several  of  the  SHG-active  pyridinium  salts  provide  good  molecular  arrangements 
in  crystals  to  optimize  diagonal  or  off-diagonal  d  component.  Growth  of  their  large 
crystals  is  in  progress  for  measurement  of  d  coefficients. 
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The  photostability  of  different  chromophore  families  has 
been  studied  as  a  function  of  probe  wavelength  in  the  spectral 
range  400  to  1320  nm.  Multiple  donor  and  acceptor  groups 
have  been  attached  to  the  main  bridge  structures  containing 
stilbene,  azobenzene,  aniline,  thiophene  and  aniline- 
thiophene  substructures.  The  figure  of  merit  B/a  was 
measured  and  the  quantum  efficiency  B’’  was  evaluated  for 
over  40  dye  containing  polymers,  including  both  side-chain 
and  guest-host  systems. 
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INTRODUCTION 

Photonic  devices  based  on  polymers  are  promising  for  a  number  of 
applications,  especially  for  very  high  bandwidth  electro-optics,  and 
their  performance  has  improved  steadily. [1,2]  The  temporal  stability  of 
the  chromophore  orientation  necessary  to  retain  the  electro-optic 
activity  has  been  investigated  intensively  and  significant  improvements 
have  been  accomplished. [3]  However,  it  is  also  well-known  from  early 
pioneering  work  that  electro-optic  polymers  under  continuous 
illumination  lose  their  nonlinearity  with  time  due  to  a  number  of 
different  mechanisms.[4,5]  Therefore,  the  stability  of  these  materials 
needs  to  be  addressed  as  well.  In  response,  we  and  other  groups 
initiated  programs  to  investigate  the  wavelength  variation  in 
photostability,  the  principal  parameters  on  which  it  depends  and  the 
photo  stability  for  a  number  of  families  of  electro-optic  polymers.  [6- 
12].  In  this  paper  we  compare  the  photodegradation  of  a  number  of 
polymer  families  that  contain  stilbene,  azobenzene,  aniline,  thiophene 
and  aniline-thiophene  substructures.  These  structures  of  the  dyes 
evaluated  in  this  study  are  found  in  Table  1 . 


MODEL  AND  MEASUREMENT  OF  THE  PHOTODEGRADATION 
PROCESS 


Absorption  of 

Species  i  photon 


FIGURE  1  The  mechanistic  model  used  for  the  light  activated 
photodegradation  process. 
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The  model  we  adopt  for  the  photodegradation  process  is  shown 
in  Figure  1.  Absorption  of  a  photon  into  a  charge  transfer  state  initiates 
the  process  and  the  excited  state  can  either  decay  back  to  the  ground 
state,  or  a  chemical  reaction  or  isomerization  can  occur  so  that  the 
molecule  returns  to  a  different  ground  state  with  a  probability 
This  leads  to 


5N2/a  =  B''(X)SNE/a  =[a(;^)/B(X)]N,(t)n(t) 

where  Ne  is  the  number  of  electro-optic  chromophores  in  their  excited 
state  and  Ni(t),  n(t)  and  o(X)  are  respectively  the  local  electro-optic 
active  chromophore  concentration,  the  photon  flux,  and  the  molecular 
absorptivity.  If,  as  is  frequently  the  case,  there  is  more  than  one  decay 
channel  “i”  out  of  the  excited  state  then 


l/B  =  Il/Bi. 


Essentially  two  experimental  protocols  were  used  to  investigate 
photobleaching.  It  is  assumed  at  the  outset  that  the  nonlinearity  will  be 
proportional  to  the  concentration  of  the  active  species  and  that  this 
concentration  is  reflected  directly  by  the  magnitude  of  the  absorption 
associated  with  the  charge  transfer  peak.  For  a  selected  number  of 
materials,  usually  an  example  from  each  family  of  chromophores,  the 
absorption  spectrum  was  measured  as  a  function  of  illumination  time 
by  a  laser  whose  wavelength  lies  within  the  charge  trEinsfer  absorption 
band.  These  experiments  were  performed  on  thin  films  prepared, 
maintained  and  measured  in  either  air,  nitrogen  or  oxygen  in  order  to 
quantify  the  importance  of  oxygen  in  the  photobleaching  process. 
From  the  complex  appearance  of  the  absorption  spectrum  as  a  function 
of  illumination  time  in  different  atmospheres  it  has  proved  possible  to 
identify  whether  a  single  dominant  or  multiple  competitive  degradation 
channels  were  active  in  a  given  film. 

The  second  experimental  protocol  used  was  to  measure  the 
transmission  change  in  the  long-wavelength  tail  of  the  absorption 
associated  with  the  dominant  charge  transfer  as  the  polymer  film  was 
illuminated  with  radiation  of  different  wavelengths.  As  discussed 
previously,  this  leads  directly  to  a  measurement  of  B/a  versus  photon 
energy  or  wavelength.  This  ratio  in  turns  allows  a  direct  prediction  of 
the  lifetime  expected  for  the  nonlinear  activity  of  the  material.  Coupled 
with  careful  measurements  of  absorption  spectrum,  these  experiments 
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yield  the  degradation  probability  B''  as  a  function  of  wavelength.  The 
wavelength  dependence  of  B,  if  any,  identifies  the  number  of  charge 
transfer  states  participating  in  the  degradation  process  measured  in 
these  experiments. 


DEGRADATION  MECHANISMS 

In  the  course  of  our  investigations  we  have  observed  three  different 
kinds  of  behavior  in  terms  of  the  number  of  degradation  channels  and 
participating  charge  transfer  states.  A  typical  example  of  changes  in 
the  absorption  spectrum  under  different  atmospheres  is  shown  in 
Figure  2  for  a  Disperse  Red  1  guest-host  polymer  film  with  4%  by 
weight  loading  of  the  chromophore  in  PMMA.  In  nitrogen  there  is  a 


N2  O2  time 


FIGURE  2  The  absorption  spectrum  of  Disperse  Red  1  in  a 
PMMA  host  when  illuminated  with  488  nm  radiation  for  different 
periods  of  time  in  either  an  oxygen  or  a  nitrogen. 

single  wavelength  through  which  all  of  the  absorption  spectra  pass 
(isobestic  point).  This  indicates  that  there  is  only  one  dominant  decay 
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channel  from  the  excited  state  that  we  identify  with  trans-cis 
isomerization.  [13]  However,  in  an  oxygen  atmosphere,  the  degradation 
process  occurs  faster,  produces  no  isobestic  point  and  results  in  a 
different  end  product,  as  evidenced  by  the  difference  between  the 
absorption  spectra  after  two  hours  for  the  two  cases.  Clearly  some  new 
process,  such  as  photo-oxidation  occurs  in  the  oxygen-containing 
environment.  The  results  in  air  closely  resemble  those  in  pure  oxygen, 
indicating  that  photo-oxidation  is  the  dominant  degradation  process  in 
ambient  atmospheres. 

We  have  previously  shown  that  in  stilbenes  there  are  two 
charge  transfer  states  that  participate  in  the  nonlinearity,  and  that  they 
degrade  via  both  photo-activated  reactions  and  trans-cis 
isomerization. [7, 10]  For  example,  in  DANS-SCP,  the  changes  to  the 
absorption  spectrum  are  different  in  nitrogen  versus  oxygen 
atmospheres  and  in  neither  case  is  an  isobestic  point  observed.  In  fact, 
in  nitrogen,  as  well  as  in  oxygen,  there  are  two  distinct  absorption 
bands,  centered  at  300  nm  and  430  nm,  which  are  diminished  with 
illumination  time.  Further  evidence  for  the  participation  of  two  charge 
transfer  states  was  obtained  from  a  plot  of  B  versus  photon  energy,  as 
is  shown  in  Figure  3.  It  is  clear  that  there  are  two  different  values  of  B 
present  in  contrast  to  Disperse  Red  1  for  which  B  is  independent  of 
wavelength. 


FIGURE  3  Variation  in  the  parameter  B  as  a  function  of  photon 
energy  and  wavelength  for  DANS.  The  vertical  dashed  line  identifies 
the  location  of  the  absorption  maximum. 
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Of  the  approximately  10  materials  that  were  studied  using 
different  atmospheres,  the  only  clear  case  of  a  single  degradation 
mechanism  and  a  single  participating  charge  transfer  state  was  found 
in  a  cyano-thiophene  chromophore.  The  change  in  the  absorption 
spectrum  with  illumination  time  is  shown  in  Figure  4. 


400  500  600  700  800 

X{nm) 


FIGURE  4  Variation  in  the  absorption  spectrum  of  5[1.3(1,4 
bis-dicyano  3-phenyl)butyldiene]  2-N,N-di(4butyl)phenyl  aniline- 
thiophene  when  illuminated  for  different  periods  of  time  with  radiation 
of  wavelength  633  nm. 

WAVELENGTH  VARIATION  OF  B/a 

The  typical  observed  variation  in  B/a  with  wavelength  is  shown  in 
Figure  5  for  a  variety  of  chromophores  that  are  listed  in  Table  1 . 
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E  photon  (®V) 


FIGURE  5  The  variation  with  wavelength  of  the  parameter  B/a 
measured  for  a  variety  of  electro-optic  polymers  found  in  Table  1 . 

The  wavelength  variation  shown  is  dominated  by  the  wavelength 
dependence  of  the  molecular  absorptivity,  i.e.  the  absorption  spectrum. 
Comparison  with  the  location  of  the  peak  of  the  absorption  spectrum, 
i-e-  ^max,  shows  that  the  B/a  rises  again  on  the  high  energy  side  of  the 
absorption  maximum.  The  straight  line  approximations  in  the  Near-IR 
are  typical  of  all  45  polymers  investigated,  and  are  again  indicative  of 
the  wavelength  dependence  of  the  absorption.  Noting  that  the  time 
required  for  the  concentration  of  electro-optic  chromophores  to  drop  to 
1/e  of  its  original  value,  then  the  larger  B/a  found,  the  longer  is  the 
lifetime.  There  is  a  clear  variation  of  over  five  orders  of  magnitude  in 
Figure  5.  The  decrease  at  1320  nm  has  been  noted  previously  and 
attributed  to  highly  reactive  singlet  oxygen  complexes.  [4] 
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TABLE  1  Listing  of  the  chemical  structures  for  the 
chromophores  whose  measured  B/a  were  plotted  in  Figure  5 
versus  photon  energy. 
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PARAMETER  B  FOR  VARIOUS  CHROMOPHORE  FAMILIES 

The  data  for  B/a  when  coupled  with  measurements  of  the  absorption 
spectrum,  yields  the  quantum  efficiency  parameter  B. 


Family 

B 

B/a  (ocx) 
1064nm 

#  Decay 
Channels 

#  Active 
States 

Stilbenes 

->  5x10’ 

3x10” 

>2 

2 

Azobenzenes 

^3x10* 

5x10" 

2 

1 

Anilines 

->  10* 

Thiophenes 

-^8x10*’ 

IF 

1 

1 

Table  2  A  summary  of  the  photodegradation  properties  of 
various  chromophore  families  listed  by  their  characteristic  bridge 
structure  separating  the  donors  and  acceptors.  Listed  are  the  largest 
values  for  B  and  B/a  found  in  each  family,  and  the  number  of  strong 
charge  transfer  states  and  the  number  of  decay  channels  for  each  state. 
The  chromophore  identified  by  A  includes  an  anti-oxidant  which 
improves  B  and  B/a  by  a  factor  >  1 0  over  the  next  best  azobenzene. 

The  stability  of  a  material  depends  on  both  the  value  of  B  and  B/a. 

The  larger  B  and  the  smaller  a,  the  more  photostable  the  material  is. 
The  values  at  1320  nm  for  B/a  are  usually  less  than  at  1064  nm  and 
this  is  attributed  to  triplet  oxygen.  Values  at  1550  nm  are  not  known 
but  are  expected  to  be  larger.  By  “how  much?”  the  values  are  larger  is 
the  key  question. 
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ABSTRACT  Photoreffactive  (PR)  composites  were  prepared  from 
polysiloxane  with  pendant  carbazole  as  photoconducting  host,  a  series 
of  indole-derivatives  as  NLO  chromophore,  and  2,4,7-trinitro-9- 
fluorenone  as  photosensitizer.  It  was  observed  that  two-beam  coupling 
gain  coefficient  of  composites  were  influenced  by  the  rotational 
mobility  of  chromophore,  providing  the  evidence  that  chromophore  in 
low  glass  transition  temperature  {Tg)  matrix  is  realigned  under  the 
space-charge  field.  And  the  influence  of  chromophore  on  electro- 
optical  property  of  composite  was  also  discussed. 


KEYWORDS  photorefractive;  electro-optic;  chromophore; 
reorientation;  mobility;  indole. 
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INTRODUCTION 

Since  the  first  discovery  of  photorefractive  effect  in  polymer  in  1991, 
polymeric  materials  have  been  intensively  studied  due  to  the  potential 
optical  applications  [1],  Even  though  several  photorefractive 
composites  have  been  reported  to  have  excellent  steady-state 
performance,  the  understanding  on  photorefractive  mechanism  in 
polymeric  system  has  been  still  limited.  This  work  focuses  on  the 
influence  of  orientation  of  NLO  chromophore  on  electro-optical  (EO) 
and  photorefractive  (PR)  performance  of  polymeric  composite. 


EXPERIMENTAL 

Carbazole- substituted  polysiloxane  (PSX)  and  NLO  chromophores  with 
indol-moiety  were  synthesized.  2,4,7-Trinitro-9-fluorenone  (TNF, 
Kanto  Chemical  Co.)  and  butyl  benzyl  phthalate  (BBP)  were  used  as 


FIGURE  1 


Chemical  structures  for  NLO  chromophores 
and  carbazole-substituted  polysiloxane 
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received.  The  chemical  structures  of  molecules  used  in  this  work  are 
given  in  Figure  1 . 

PR  composite  consisted  of  PSX  (79  or  69  wt  %),  chromophore  (20 
or  30  wt  %),  and  TNF  (1  wt  %).  And  this  composite  retained  the 
phase  stability  over  a  year  at  room  temperature. 

The  electro-optic  property  of  composite  was  determined  at  the 
wavelength  of  632.8  nm  by  transmission  ellipsometric  method.  For 
EO  measurement,  the  composite  film  with  thickness  of  100  fim  was 
used.  Photoconductivity  was  measured  at  the  wavelength  of  632.8  nm 
{I  -  1 .58  w  IF)  using  a  simple  DC  photocurrent  technique.  The  current 
through  the  10  pm  thick  film  was  measured  as  a  function  of  electric 
field  before  and  during  illumination.  The  PR  material  was 
characterized  by  the  two-beam  coupling  {2BC)  method.  He-Ne  laser 
with  the  intensity  of  20  wIF/cw‘ was  used  and  the  angle  between  the 
laser  beams  was  30  .  The  tilt  angle  with  respect  to  sample  normal 
was  45  ° 


RESULTS  AND  DISCUSSION 


A  series  of  NLO  chromophores  containing  indole  ring  were  synthesized 
by  varying  the  strength  of  electron  acceptor.  The  optical  parameters  of 
chromophores  are  calculated  using  MOPAC  method  and  the  results  are 
given  in  Table  1.  In  the  case  of  low  Tg  polymer,  the  performance  of 
chromophore  is  evaluated  by  the  following  equation  {FOM)^ 


FOM  = 


2  jdP 

9^J  M  M 


where  Aa,  and  M  are  dipole  moment,  hyperpolarizability, 

polarizability  anisotropy  (a||  -  aj  and  molar  mass,  respectively  [2]. 
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TABLE  1  Molecular  parameters  of  chromophores 


NLO 

if 

Act 

P 

F 

F 

^  Pockeh 

IN-CE 

2.23 

1.12 

36.4 

0.88 

2.35 

IN-DC 

2.31 

1.37 

62.9 

1.31 

4.85 

IN-BO 

1.70 

2.57 

58.7 

1.00 

2.52 

IN-IO 

1.84 

2.51 

70.1 

1.13 

3.22 

IN-SB 

2.36 

3.52 

67.1 

2.38 

3.58 

•  10'”  C-m; 

10-^'  m-";' 

10-'°  nt/V\ 

=  (2/9kT)(pAa/M). 

10-"'  C-m'mol/V-kg  ;  *=  C-m'mol/V-kg. 

According  to  this  criterion,  electro -optic  (EO)  property  of  indole- 
chromophore  is  expected  to  be  in  the  order  of  IN-SB>  IN-DC>  IN-IO 
>IN-BO  >  fN-CE.  The  electro-optical  property  of  PR  composites 
composed  of  PSX/  TNF/  NLO  =  69/  1/  30  w/  %  was  determined  by 
transmission  ellipsometric  measurement.  As  given  in  Figure  2,  the 
transmitted  intensity  is  in  the  order  of  IN-DC30  >  IN-SB30  >  IN-IO30 
>  IN-BO30  >  IN-CE30,  which  is  in  fairly  accord  with  calculated  result. 
However,  in  the  case  of  composites  containing  20  wt  %  of 
chromophore,  only  IN-DC20  composite  shows  the  appreciable  electro¬ 
optic  response,  as  given  in  Figure  3.  All  of  the  other  composites  show 
the  low  and  similar  values  of  transmission,  irrespective  of  the  kind  of 
chromophore.  It  is  speculated  that  the  low  EO  activity  of  IN-SB20, 
rN-IO20  and  IN-BO20  is  related  with  the  restricted  rotational  mobility 
of  chromophore.  As  can  be  shown  in  Table  2,  Tg  for  these  composites 
are  higher  than  room  temperature  and,  consequently  the  orientation  of 
chromophore  must  be  limited  by  the  high  viscosity  of  medium  at  the 
room  temperature.  The  observation  that  poling  efficiency  of  IN-SB20 
composite  is  significantly  increased  by  the  addition  of  plasticizer  may 
prove  the  above  suggestion.  This  result  clearly  demonstrates  the 
significance  of  chromophore  mobility,  especially  for  in-situ  poled 
material. 
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TABLE  2  Glass  transition  temperature  (°C)  of  Composites 


IN-CE 

IN-DC 

IN-BO 

IN-IO 

IN-SB 

20  wt% 

25 

25 

38 

38 

42 

30  wt% 

17 

15 

34 

34 

36 

0  30  60 


E  (V/fim) 

FIGURE  2  Electro-optic  properties  of  PR  composites. 
[NLO]  =  30 


FIGURE  3  Electro-optic  properties  of  PR  composites. 
[NLO]  =  20  wt%. 
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The  photorefractive  properties  of  composites  were  characterized  by 
the  2BC  measurement.  In  the  case  of  composites  containing  20  wf  % 
of  chromophores,  1N-DC20  composite  exhibits  the  higher  gain 
coefficient  than  the  other  composites  studied  in  this  work.  The  IN- 
CE20  and  IN-SB20  composites  with  the  low  EO  properties  show 
relatively  low  values  of  2BC  coupling  gain  coefficient. 
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FIGURE  4  2BC  gain  coefficients  (  /')of  PR  composites 
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In  the  case  of  IN-IO20  and  IN-BO20  composites,  virtually  no  gain 
coefficient  in  2-beam  coupling  is  observed  up  to  70  V/^m.  Even  at  the 
higher  chromophore  concentration,  the  values  of  gain  coefficient  for 
both  composites  (IN-IO30  and  IN-BO30)  are  ca.  3  cm  ’  at  70  V/^m,  as 
shown  in  Figure  5.  This  is  interesting  observation  since  the  EO 
activity  of  IN-IO30  and  IN-BO30  composites  is  greater  than  that  of  IN- 
DC20  composite  (see  Figure  2  and  Figure  3). 
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FIGURE  5  2BC  gain  coefficient  (  r)of  PR  composites  at  70 

It  is  well-accepted  fact  the  birefringent  chromophore  in  low  Tg 
PR  polymer  is  able  to  be  re-aligned  under  the  total  electric  field  (= 
applied  external  field  +  space-charge  field)  and  the  modulation  of 
refractive  index  is  significantly  enhanced  by  the  reorientation  of 
chromophore [3],  Thus,  if  the  free  reorientation  of  chromophore  in 
composites  is  limited  at  measuring  conditions,  just  as  found  in  EO 
response  (see  Figure  3),  it  is  probably  difficult  that  PR  composite 
exhibits  the  large  photoreffactive  property. 

In  order  to  determine  the  chromophore  mobility  of  composite  used 
in  this  work,  the  transient  ellipsometric  measurement  was  carried  out. 
The  transmitted  intensity  of  sample  as  prepared  was  measured  as  a 
function  of  time  as  soon  as  electric  field  turned  on.  The  results  in 
Figure  6  show  that  the  build-up  of  EO  response  for  IN-IO30  composite 
{Tg  =  34°C)  is  much  slower  than  that  for  IN-DC20  composite  {Tg  = 
25°C).  In  the  case  of  IN-IO30  composite,  the  reorientation  of 
chromophore  is  not  likely  to  occur  at  room  temperature  (25°C)  during  a 
short  period  of  2BC  measurement.  In  order  to  improve  the  rotational 
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mobility,  the  small  amount  of  plasticizer  is  added  into  IN-IO30 
composite.  Tg  of  IN-IO30  composites  (p-IN-IO30)  is  lowered  to  be 
23  °C.  As  shown  in  Figure  6,  the  transient  response  of  rN-IO30 
composite  becomes  as  fast  as  that  of  IN-DC20  composite.  And  2BC 


FIGURE  6  Transient  EO  response  of  composites  as 
prepared  at  70  V/um 


FIGURE  7  IBC  gain  coefficient  (  r)of  PR  composites  at  70  V/pm 
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gain  of  composite  (p-IN-IO30)  is  also  significantly  increased,  as  given 
in  Figure  7,  being  compared  with  the  corresponding  IN-IO30  composite. 
It  is  highly  probable  that  the  improvement  of  2BC  gain  results  from  the 
reorientation  of  chromophore,  since  the  steady  state  value  of 
transmission  for  IN-IO  30  composite  {T  =  ca.  14  %)  is  not  virtually 
varied  by  the  addition  of  plasticizer.  This  observation  provides  the 
evidence  on  the  significance  of  the  reorientation  of  chromophore  under 
the  newly  formed  space-charge  field 
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Reversible  holographic  recording  of  surface-relief  gratings  in  azo-dye 
polymers  was  recently  evidenced  using  atomic  force  microscopy. 
Irradiation  with  an  interference  pattern  between  polarized  laser  beams 
was  observed  to  lead  to  quantitative  mass-transport.  The  origin  of  such 
efficient  photo-driven  mass  transport  comes  from  chromophore 
migration  from  the  high  to  low  intensity  regions,  in  an  inchworm  like 
motion.  In  their  motion,  the  chromophores  work  as  molecular  trucks, 
they  track  the  whole  polymer  chain  to  which  they  are  attached.  As  an 
application,  we  present  a  study  of  Distributed  Feedback  (DFB)  laser 
emission  in  various  polymer  materials.  The  device  permits  to  control 
the  stimulated  emission  in  dye  doped  polymer  materials.  Confinement 
and  wave-guiding  effects  are  evidenced. 


Keywords 

Organic  devices;  luminescent  polymer;  distributed  feedback; 
molecular  motors;  surface  relief  gratings. 


77 


78 


L.  ROCHA  et  al. 


INTRODUCTION 

Patterning  and  micro-structuring  of  functional  polymers  are  key 
technologies  to  fabricate  organic  devices.  A  recent  achievement  in  this 
respect  is  the  patterning  of  photoinduced  surface-relief  gratings  using 
the  interference  pattern  between  optical  beams. [1.21  opens  the 

route  to  molecular  translation  control  using  optical  fields,  in  the  same 
way  as  dual-frequency  iiradiation  using  appropriate  combinations  of 
circular  beam  polarizations  have  been  demonstrated  to  enable  a  full 
control  of  the  molecular  polar  order.[3  4]Thc  well-known  azo-dye 
aromatic  polymers  have  been  shown  to  be  among  the  most  efficient 
materials  for  such  structuring  processes  using  light  matter  interactions. 
A  simple  microscopic  model  accounting  for  the  essential  features  of 
photoinduced  surface-relief  grating  formation  has  been  developedf5] 
and  some  of  its  peculiar  features  have  been  verified  experimentally [6]. 

A  challenging  issue  today  is  to  pattern  and  micro-structure 
organic  devices  in  order  to  control  the  emission  properties  of  polymer 
thin  films  such  as  the  one  used  for  electroluminescent  diodes.  A  control 
of  the  radiation  modes  of  electroluminescent  diodes  has  already  been 
demonstrated  using  planar  microcavities. [7  8]  We  propose  here  the  use 
ol'a  periodical  excitation  in  a  distributed  feedback  (DFB)  scheme  [9]  to 
investigate  the  lumine.scence  and  lazing  properties  of  dye-doped 
polymer  thin  films.  The  so-called  organic  lasers  [101112  13]  have 
recently  been  revisited  with  an  aim  at  building  an  organic 
.semiconductor  laser  diode[14]. 

In  1971,  Kogelnik  and  Shank  first  demonstrated  DFB  dye-laser 
operation  using  a  dye  doped  gelatin  film  in  which  a  grating  had  been 
previously  printed  optically.9  They  also  showed  that  DFB  laser  action 
was  possible  by  making  a  dynamic  grating  using  the  interference 
fringes  from  two  pump  beams  inside  a  dye  ceIL[15|  Narrow-band 
emission  was  tuned  simply  by  changing  the  angle  betw'een  the  pump 
beams  incident  onto  the  dye  cell.  Efficient  feedback  is  obtained  from  a 
spatial  modulation  of  both  gain  and  index  of  refraction  of  the  polymer 
film.  Modulation  is  photo-induced  with  the  interference  pattern 
produced  by  the  two  coherent  laser  beams. 

Different  interference  schemes  have  already  been  proposed  for  DFB 
laser  excitation  :  the  so-call  Lloyd’s  mirror  which  permits  stable 
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operation  in  a  compact  set-up[16]  and  a  more  sophisticated 
interferometer  which  permits  a  better  control  of  the  pump  beam 
characteristics[17].  We  used  both  schemes  to  study  DFB  polymer  dye 
laser  characteristics.  In  particular,  effects  related  to  waveguiding  of  the 
laser  emission  into  the  polymer  thin  film  were  investigated.  This 
appears  as  a  very  important  feature  in  order  to  control  stimulated 
emission  using  optically  confined  structures. 


EXPERIMENTS 

The  first  results  were  obtained  in  polymer  thin  films  of  PMMA  doped 
with  rhodamine-6G  (Rh6G),  well  known  to  be  a  highly  emissive  laser 
dye.  The  concentrations  of  Rh6G  are  taken  in  a  range  between  0.003 
and  0.03  M.  Such  compositions  have  been  widely  studied  for  dye  laser 
action[18].  The  samples  were  deposited  on  glass  substrates  by  the  spin¬ 
coating  method.  The  thickness  of  the  films  obtained  was  about  300  nm. 
In  order  to  investigate  the  emission  properties  of  such  samples  we  made 
use  of  the  experimental  setup  represented  in  figure  1 .  The  films  were 
pumped  with  the  second  harmonic  (  /ip=532  nm  close  to  the  Rh6G 
maxjmum  absorption  wavelength)  of  a  Q-switched  mode  locked 
Nd-’":YAG  laser  delivering  33  picosecond  pulses  at  a  5  Hz  repetition 
rate. 


FIGURE  1  Set-up  for  DFB  laser  experiments 
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In  this  set-up,  the  pump  beam  is  splitted  by  a  system  of  two  prisms  (Pj 
and  P2)  and  the  two  beams  obtained  interfere  on  the  film  after  reflection 
on  two  co-rotating  mirrors  (M|  and  M2).  The  interference  pattern 
consists  in  an  alternance  of  dark  and  white  fringes.  pro\iding  a 
sinusoidaly  periodical  optical  pumping  of  the  medium. 

We  collect  the  emitted  signal  with  help  of  a  5  cm  focal  length  lens  into 
an  optical  fiber  coupled  with  a  spectrometer.  The  light  is  then  dispersed 
by  a  12  cm  focal  length  monochromator,  using  a  1200  lines/mm 
grating,  and  detected  with  a  thermoelectrically  cooled  charged  coupled 
device  (CCD).  Dispersion  of  the  spectrometer  is  0.15  nm  per  pixel. 

DFB  principle  is  the  following  :  the  periodical  optical  pumping 
generates  a  grating  in  the  medium  and  with  the  presence  of  gain  the 
device  can  then  be  seen  as  a  superposition  of  la.scr  microcavities  with  a 
length  equal  to  the  grating  pitch,  as  represented  in  figure  2. 


FIGURE  2  interference  pattern  between  2  pump  beams  in  a 
luminescent  polymer  film.  The  device  can  be  .seen  as  a 
superposition  of  laser  microcavities  with  a  length  equal  to  the 
interfringe  spacing 

The  optical  feedback,  obtained  by  diffraction  in  the  grating,  and  the 
gain  are  provided  by  the  same  absorption  mechanism  wich  makes  this 
device  be  very  compact 
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RESULTS 

The  modes  being  able  to  propagate  must  verify  the  following  equation  ; 


nAj' 

msmO 


(1) 


where  K\,  is  the  emission  wavelength,  the  pump  wavelength,  n  the 
effective  refraction  index  of  the  film,  m  the  order  of  diffraction  and  B 
the  incidence  angle  of  the  pump  beams  on  the  film. 

This  0  dependence  of  the  emission  wavelength  allows  a  tuneability  of 
the  laser  emission  simply  by  changing  the  inclination  of  the  two  co¬ 
rotating  mirrors  .  i.e.  changing  the  interfringes  spacing. 

Laser  emission  and  tuneability  was  achieved  in  a  PMMA  doped  Rh6G 
with  angles  9  around  40°  corresponding  to  the  second  order  of 
diffraction  (m=2).  Results  are  given  in  figure  3. 


FIGURE  3  output  spectrum  as  a  function  of  the  incidence 
angle  0  for  DFB  laser  action  of  Rh6G  in  PMMA 
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Wc  obtained  a  very  narrow  laser  emission  with  a  full  width  at  half 
maximum  equal  to  2  nm.  In  figure  3  we  have  the  spectral  dependence 
of  the  laser  emission  in  function  of  the  incidence  angle  0  of  the  pump 
beams  onto  the  Rh6G  film.  The  tuneabilit\',  limited  by  the  spectral 
bandwidth  of  the  stimulated  emission  spectrum,  is  equal  to  25  nm. 


CONFINEMENT  AND  WAVEGUIDING 
Lateral  confinement 

In  order  to  improve  the  lateral  confinement  we  placed  before  the  prisms 
a  30cm  focal  length  cylindrical  lens  which  effect  is  to  reduce  the  pump 
beam  interference  surface  along  one  direction.  The  pump  energv  is  then 
concentrated  in  a  narrow  line  of  20  pm  width,  increasing  then  the 
directivity  of  the  emission  and  reducing  the  threshold. 

The  effect  of  the  pump  surface  onto  the  film  is  schematized  in  figure  4. 


FIGURE  4  Influence  of  the  pump  beam  surface  on  the  laser 
threshold  :  (A)  without  lens.  (B)  with  lens  .  The  pump  fluence 
are:(a)3.8p.I/mm\  (b)3. 1  p.l/mm“,  (c)l.l  p.I/mm\  (d)  0.7  p.T/mnr 
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The  confinement  obtained  is  evidenced  with  the  two  spectra  in  figure  4 
where  we  note  the  diminution  of  the  threshold  that  is  about  l.lpJ/mm" 
with  the  lens,  against  3.8fiJ/mm"  without. 

Wave  guide  effect 

Vertical  confinement  in  a  direction  perpendicular  to  the  film  plane  was 
also  studied  with  another  laser  dye  ;  DCM. 

For  this  purpose  we  consider  the  influence  of  the  refractive  index  on 
the  signal  propagation.  In  this  respect  we  have  deposited  two  different 
films  on  glass  substrates  (n=1.5) :  a  PVK  doped  DCM  film  (n=1.6)  and 
a  PMMA  film  (n=1.5)  doped  with  the  same  dye.  The  PMMA  index  is 
closer  to  the  glass  index  than  PVK. 

A  similar  experiment  was  done  with  two  PMMA  films  deposited  one 
on  a  glass  substrate  (n=1.5)  and  the  other  one  on  a  quartz  substrate 
(n=1.45). 

In  both  cases  the  signal  emitted  is  best  guided  in  films  with  indices 
larger  than  the  substrate  index  :  we  can  see  in  figure  5  that  laser 
emission  is  stronger  by  two  orders  of  magnitudes  in  the  PVK  film  on 
glass  than  in  PMMA  on  glass,  and  in  the  same  way  in  PMMA  film  on 
quartz  than  on  glass. 

With  this  experiment  we  find  the  well  known  result  in  wave  guides  that 
a  good  wave  guide  is  a  medium  with  a  larger  refraction  index  than  the 
medium  around  it. 


(a)  (b)  (c) 


FIGURE  5  influence  of  the  relative  refractive  index  of  film/substrate  on 
the  signal  at  fixed  angle.(a)  DCM/PMMA  (n=1.5)  and  (b)  DCM/PVK 
(n=1.6)  on  a  glass  substrate(n=l  .5),  (c)  DCM/PMMA  on  a  quartz  substrate 
(n=!.45) 
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Tiic  thickness  effect  was  also  evidenced  in  PVK  doped  DCM  films 
deposited  on  glass  substrates.  We  can  see  in  figure  6  the  number  of 
laser  modes  increasing  with  the  film  thickness  at  a  fixed  angle  from  1  at 
2 1 5  nm  to  3  at  1 600  nm  thickness. 
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FIGURE  6  evolution  of  the  laser  emission  with  the  film 
thickness  e,  at  fixed  angle. 

(a) :  e=215  nm.  (b) ;  e=740  nm.  (c)  :  e=1600nm 

Additionally  the  non  periodical  spectral  spacing  between  the  laser  lines 
cannot  be  attributed  to  the  free  spectral  range  of  a  laser  cavity.  These 
modes  correspond  to  modes  of  planar  waveguides.  Each  mode  can  be 
tuned  over  a  40  nm  range  corresponding  to  the  stimulated  emission 
bandwith  of  the  DCM  dye.  This  bandwidth  also  limits  the  number  of 
modes  that  can  be  seen  simultaneously. 


PHOTONIC  GAP 

We  have  studied  the  signal  emission  dependence  with  the  pump  beam 
size  using  a  Lloyd-mirror  interferometer.  This  study  was  made  in  a 
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PMMA  doped  Rh6G  film  for  3  different  lengths  of  the  interference 
pattern  onto  the  film  (figure  7)  :  from  2.6  to  3.7  mm. 
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FIGURE  7  evolution  (splitting)  of  a  single  laser  line  when 
grating  length  increases 

We  note  the  apparition  of  a  splitting  for  a  pump  size  equal  to  3.7  mm. 
This  splitting  is  predicted  in  the  coupled  wave  theory  and  can  be 
explain  by  the  presence  in  the  medium  of  an  index  grating  due  to  a  non 
linear  effect  of  the  third  order,  also  called  optical  Kerr  effect.  This 
induces  a  modulation  of  the  refractive  index  in  the  medium  which  can 
be  written  in  the  linear  intensity  regime  (far  from  saturation)  : 

«  =  (2) 

4^0/70  c 


where  no  is  the  mean  refractive  index  of  the  film  corresponding  to  the 
polymer  index. 
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In  Ihc  small  gain  limit  the  spacing  between  the  two  laser  peaks,  which 
is  the  width  of  the  photonic  gap,  depends  of  the  refractive  index 
modulation  : 


5?i=5nXL 

where  bn  is  the  amplitude  of  modulation  of  the  index  for  second  order 
diffraction. 

We  have  here  a  good  tool  to  determine  the  7/"'*  induced  in  the  film  by 
calculating  the  bn.  In  this  case  the  measured  value  of  S?.  is  2nm 
allowing  a  bn  equal  to  4.10'‘\ 

The  reason  why  this  splitting  isn't  observed  in  this  experiment 
for  the  two  first  spectra  is  that  there  is  a  competition  between  the  two 
laser  peaks,  and  when  we  increase  the  length  of  the  interference  pattern 
we  also  improve  the  coupling  between  the  waves  in  the  medium  for  a 
diminution  of  the  threshold  for  lasing. 

A  similar  result  was  obtained  in  PVK  films  doped  with  another 
well  known  dye,  the  Coumarine  515,  {figure  8)  deposited  onto  a  glass 
substrate.  Excitation  was  performed  with  355  nm~wavelength.  The  film 
thickness  was  430  nm  and  the  incidence  angle  0  was  around  33° 
(diffraction  in  the  second  order). 

We  observe  a  splitting  when  the  laser  emission  is  near  the  edge  of  the 
stimulated  emission  band  corresponding  to  a  large  enough  index 
modulation.  This  effect  is  difficult  to  obtain  at  the  gain  maximum 
because  the  index  modulation,  real  part  of  n  in  equation  (2).  vanishes 
(Kramers-Kronig  relations). 
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FIGURE  8  splitting  of  the  laser  peak  of  a  PVK  doped 
Coumarine  515  film 


PERIODICAL  PERMANENT  STRUCTURES 

The  final  step  consists  in  the  realization  of  permanent  gratings.  For  this 
purpose  we  make  use  of  an  original  technique  of  photoinduced 
patterning  of  surface  relief  gratings  using  laser  controlled  molecular 
motion.  In  this  respect  azo-dye  aromatic  polymers  have  been  shown  to 
offer  interesting  prospects  for  material  engineering  using  light  matter 
interaction. 

Irradiation  of  films  made  of  such  materials  leads  to  a  migration  from 
high  to  low  intensity  regions,  following  the  interference  pattern  in  the 
direction  of  the  pump  beam  polarization.  The  chromophores  migrate  in 
an  inchworm  like  motion  as  modelised  below  (figure  9).  In  their  motion 
the  chromophores  track  the  whole  polymer  chain  to  wich  they  are 
attached  leading  to  modifications  of  the  film  surface. [5, 6] 
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FIGURE  9  modclisation  of  an  azo-dye  molecule  motion  after 
irradiation 

In  typical  experiments,  the  wavelength  of  the  laser  was  chosen  to  be 
near  the  maximum  absorption  of  the  chromophores.  typically 
488nm  or  514nm  of  an  Argon  laser,  with  intensities  ranging  from 
/  =  50-1 000m W/cm^  In  order  to  record  surface-relief  gratings,  we 
made  use  of  the  now  classical  Lloyd  mirror  set-up  (figure  10).  The 
incident  beam  expanded  from  an  Argon  laser  (A=514nm, 
/=100mW/cm^)  is  divided  into  two  parts  :  first  half  is  directly  incident 
onto  the  sample  and  second  half  reflects  onto  a  metallic  mirror  rigidly 
held  at  90°  to  the  sample.  This  permits  to  reduce  side  effects  due  to 
mechanical  instabilities  throughout  the  writing  process  (a  few  tens  of 
minutes) 
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Mirror-^ 


Argon  laser:  A.=514  nm 
50-100mW/cm^ 


Polymer  film 
Glass  substrate 


(A)  (B) 


FIGURE  1 0  (A)  Lloyd-mirror  set-up  used  for  modulation  of 
the  film.  (B)  picture  of  a  surface  relief  grating  recorded  with  an 
atomic  force  microscope  (AFM) 

Samples  were  spin-coated  films  of  a  yellow  coloured  azo-dye  molecule 
analogous  to  Disperse  Red  1  and  attached  to  35%  of  the  monomers  of  a 
poly( methylmethacrylate)  (PMMA)  skeleton.  Fig.  10  shows  an 
example  of  a  typical  surface  relief  grating  imaged  with  an  AFM 
(atomic  force  microscope). 

The  grating  pitch  depends  of  the  incidence  angle  of  the  pump  beam 
onto  the  sample  following  the  relation  : 

A  —  Alascr 

2sim9 

So  we  can  choose  the  grating  pitch  with  the  appropriate  incidence  angle 
of  the  pump  beams  in  the  mirror-Lloyd  setup. 

The  goal  of  the  experiment  was  to  study  permanent  DFB  structures  for 
transverse  one-photon  pumping  as  it  is  schematized  in  Fig.  1 1 .  In  this 
respect,  a  layer  of  Rhodamine  6G  in  PMMA  was  deposited  on  top  of 
the  previously  printed  surface  relief  grating.  The  device  was  pumped 
with  the  same  laser  source  as  the  one  used  for  the  above  DFB 
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experiments.  We  obtained  a  ver>'  narrow  laser  peak  with  a  full  width  at 
half  maximum  equal  to  0.5  nm  (figure  11).  The  tuneability  was 
achieved  with  azo-dye  aromatic  polymer  films  insolated  at  different 
incidence  angles,  i.e.  with  different  grating  pitches. 


Transverse 
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FIGURE  1 1  set-up  for  transverse  one  photon  pumping  (a), 
laser  tuneability  using  different  grating  pitches  (b) 
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CONCLUSION 

We  have  report  here  the  development  of  a  compact  organic  laser 
following  a  distributed  feedback  scheme.  The  first  experiments  where 
done  with  the  help  of  well  known  laser  dyes  in  order  to  implement  and 
characterize  the  device  in  the  case  of  dynamical  gratings  ;  waveguiding 
effects  on  the  DFB  laser  emission  have  been  studied  in  detail,  gain  and 
index  grating  features  were  identified. 

The  next  step  consisted  in  the  realization  of  permanent  gratings.  Laser 
emission  was  obtained  with  a  transverse  one  photon  pumping  scheme 
using  a  rhodamine  doped  film  deposited  onto  the  modulated  surface  of 
an  azo-dye  aromatic  polymer  film. 

The  goal  of  this  study  is  the  integration  of  such  structures  in  opto 
electronic  devices  such  as  electroluminescent  diodes  in  order  to  control 
their  emission  properties. 
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ABSTRACT.  Poly(p-phenylenevinylene)  (PPV),  its  oligomers,  several  soluble 
derivatives  and  the  polydiacetylene  P4-BCMU  were  spin-cast  on  fiised  silica 
substrates.  We  obtained  slab  waveguides  of  substituted  PPVs  with  attenuation 
losses  <  1  dB/cm  at  1064  nm.  Third-harmonic  generation  spectroscopy  was 
applied  to  measure  The  comparison  of  x^^^  of  polymers  with  oligomers 
yields  effective  conjugation  lengths  of  PPV  derivatives.  Intensity  dependent 
prism  coupling  of  waveguides  is  used  to  evaluate  the  dispersion  of  nonlinear 
refractive  index  na  and  nonlinear  absorption  coefficient  aj.  We  observe  onsets 
for  two-photon  absorptions  in  unsubstituted  PPV  at  X  <  950  nm  and  in  P4- 
BCMU  at  X,  <  1300  nm.  We  conclude  from  their  figures  of  merit  that  PPVs 
show  better  promise  for  all-optical  switching  than  polydiacetylenes. 


Keywords:  PPV;  P4-BCMU;  waveguide;  third-harmonic  generation; 
prism  coupling;  two-photon  absorption 
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1.  INTRODUCTION 

The  delocalized  one-dimensional  7c-electron  system  of  conjugated 
polymers  has  raised  much  interest  over  many  years.  The  technological 
application  of  conjugated  polymers  generally  requires  that  they  can  be 
processed  to  thin  films  with  high  structural  and  optical  quality.  Aim  of 
our  investigations  is  to  find  materials  that  fUlfill  the  application 
requirements  for  all-optical  signal  processing.  Materials  with 
sufficiently  large  cubic  optical  nonlinearities  allow  switching  of  light  by 
light  by  means  of  the  intensity  dependence  of  refractive  index  n  =  no  + 
n2l  or  absorption  coefficient  a  =  oto  +  a2l,  respectively.  The  nonlinear 
optical  coefficients  n2  and  cli  are  given  by  [1] 

n2(ci^)  =  7“2^Re[x^^^(-co;co-(o,o)],  (1) 

4noC8o 

ajCo)  =  Im[x^^^(-(D;(D -0,0))] .  (2) 

2noC  Eo 

denotes  complex  third-order  susceptibility,  © 
frequency,  c  velocity  of  light,  and  Eq  permittivity  of  free  space.  Figures 
of  merit  have  been  introduced  to  judge  the  application  potential  of 
materials  for  all-optical  signal  processing  [2,3].  Additional  conditions 
are:  The  materials  must  be  processible  to  planar  waveguides  to  realize 
integrated  optics  configurations.  Typical  required  numbers  are: 
Waveguide  losses  <  IdB/cm,  damage  threshold  intensity  I*  >  100 
MW/cm^  and  response  times  for  the  refractive  index  changes  <  1  ps. 

The  search  for  appropriate  materials  profits  from  a  detailed 
study  of  the  relations  between  chemical  structure  and  third-order 
nonlinear  optical  properties  [4-7].  In  earlier  investigations  it  has  turned 
out  that  poly(p-phenylenevinylene)  (PPV)  and  its  derivatives  are  a 
particularly  promising  group  of  conjugated  polymers  as  they  possess 
good  film  forming  properties  and  high  third-order  nonlinearity  [5,8-16], 
We  shall  describe  linear  optical  properties  of  thin  films,  third- 
harmonic  generation  of  PPV,  its  oligomers  and  several  of  its  soluble 
derivatives.  Cubic  nonlinearities  and  figures  of  merit  will  be  derived. 
We  have  shown  recently  how  nonlinear  prism  coupling  can  be  used  to 
obtain  the  signs  and  magnitudes  of  n2  and  ai  of  PPV  [16].  We  apply 
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this  method  for  the  investigation  of  the  polydiacetylene  P4-BCMU  in 
order  to  determine  its  n2’'  and  a2-spectra  in  the  near  infrared. 


2.  FILM  PREPARATION  AND  LINEAR  OPTICAL  CONSTANTS 


The  synthesis  of  the  compounds  shown  in  Fig.  1  has  been  referred  to  in 
earlier  reports:  PPV  and  OPV„  [5],  DPOP-PPV  [14],  MEH-PPV  [17], 
DA-PPV  [18],  CNE-PPV  [19]  and  P4-BCMU  [20,21].  Thin  films  were 
prepared  by  spin-coating  using  different  solvents,  temperatures, 
concentrations  and  spinning  speeds.  Thickness  d  and  surface  roughness 
Ra  were  measured  by  surface  profilometry  and  optimized  by  variation 
of  the  preparation  parameters. 

PPV  OPVn 


DPOP.PPV 

R 


MEH-PPV 


CNE-PPV 


R:  008^7 


R  =  (CHzIa-O-CONH-CHz-COaCaHe 


FIGURE  1  Chemical  structures  and  abbreviated  names  of  PPV,  its 
derivatives  and  the  polydiacetylene  P4-BCMU. 
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The  experimental  setups  for  prism  coupling  and  waveguide  loss 
determination  were  described  previously  [16,22].  The  laser  beam  enters 
the  prism  at  an  incidence  angle  0.  It  is  totally  reflected  at  the  prism 
base.  Its  evanescent  field  can  extend  across  the  air  gap  between  prism 
and  film  and  is  able  to  excite  a  waveguide  mode  which  is  possible  at 
discrete  coupling  angles  0m,  where  m  =  0,  1,  2,  ...  describes  the  mode 
number.  Consequently,  the  reflected  intensity  Ir  has  relative  minima  at 
0m  because  of  absorption  and  scattering  losses  in  the  film.  The  angles 
0m  can  be  used  to  evaluate  no  of  the  film  following  well-known 
procedures  [23].  A  half-cut  prism  is  used  to  generate  a  free  propagating 
waveguide  mode.  Its  stray  light  is  imaged  onto  a  diode  array  to 
determine  the  attenuation  loss  of  the  waveguide  agw  [22]. 

The  waveguide  losses  ttgw  depend  mainly  on  intrinsic  absorption 
oo  and  additional  scattering  losses  in  the  bulk  and  at  the  interfaces  of 
the  films.  The  surface  scattering  is  related  to  the  surface  roughness  R« 
which  can  be  minimized  by  careful  optimization  of  the  preparation 
parameters  [24].  Unsubstituted  PPV  has  rather  large  losses  in  the  order 
of  80  dB/cm  at  A,  =  647  nm  because  of  its  well-known  polycrystalline 
morphology  [16].  Appropriate  synthesis  of  substituted  PPVs  can  yield 
highly  pure  materials,  e.g.  MEH-PPV  [17],  that  can  be  processed  to 
waveguides  with  extremely  low  losses.  We  suceeded  to  prepare 
waveguides  of  MEH-PPV  which  had  only  =  0.5  dB/cm  at  X  =  1064 
nm  [25].  The  data  of  other  polymers  are  shown  in  Chapter  4. 

Transmission  and  reflection  spectra  of  ultrathin  films  (typically 
d  =  50  nm)  on  fused  silica  substrates  were  measured  with  a  spectro¬ 
photometer  in  the  UV-VIS-NIR  range.  The  reflection  spectra  at  nearly 
perpendicular  incidence  and  TE  polarization  were  used  to  calculate  the 
dispersion  of  no  of  the  films  by  solving  the  Fresnel  equations  by  an 
iteration  procedure  without  any  fit  parameter  as  described  earlier  [5]. 
The  dispersion  of  no  agrees  very  well  with  the  data  from  prism  coupling 
[16].  The  intrinsic  absorption  coefficient  oto  of  the  films  is  obtained 
from  the  transmission  spectrum  after  subtraction  of  reflection  losses  at 
the  film/air  and  film/substrate  interfaces  [5].  This  procedure  shows  that 
apparent  tails  towards  longer  wavelengths  of  the  main  absorption  bands 
of  ultrathin  films  are  caused  by  reflection  losses. 

The  photostability  of  7c-conjugated  materials  is  always  a  matter 
of  concern.  Light  in  the  wavelength  range  of  the  main  absorption  bands 
and  sample  handling  at  ambient  air  may  cause  photo-oxidation  as 
indicated  by  carbonyl-bands  in  the  IR-spectrum  and  by  hypsochromic 
shifts  and  a  decrease  of  the  main  absorption  band  [26].  Appropriate 
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sealing  of  the  samples  from  UV-VIS  light  solves  this  problem. 
Nonlinear  optics  applications  require  large  damage  thresholds  at  MR 
wavelengths.  We  have  measured  the  damage  threshold  intensity  I*  of 
PPVs  at  1064  nm  (pulse  duration  35  ps).  PPV  films  at  ambient  air  were 
exposed  to  series  of  1000  pulses  of  subsequently  increased  peak 
intensities.  The  OT-VIS  absorption  spectra  were  measured  before  and 
after  the  laser  irradiation.  Up  to  I  =  I*  no  changes  in  the  spectra  were 
observed.  At  I  >  I*,  however,  the  maximum  of  absorbance  was  reduced 
but  the  shape  of  the  absorption  spectrum  did  not  change.  Scanning  the 
step  profiler  over  the  irradiated  area  clearly  showed  that  the  damage 
was  caused  by  photoablation.  We  found  I*  =  5.8  GW/cm^  for  PPV  [16] 
and  Idt  >  12  GW/cm^  for  MEH-PPV  [25].  These  damage  thresholds 
should  be  sufficient  for  device  applications. 


3.  THG-SPECTROSCOPY 

THG  investigations  of  thin  films  on  fused  silica  substrates  were 
performed  by  using  the  Maker  fringe  technique  and  picosecond  laser 
pulses  with  variable  laser  wavelengths  Xl  from  an  optical  parametric 
generator/amplifier  configuration  as  described  earlier  [5],  Evaluations 
of  x^^^(-3co;co,o),co)  of  the  polymer  films  were  made  relative  to  fused 
silica  with  a  reference  value  x^^^(“3(o;co,0),co)  =  3.11  lO'^'*  esu.  The 
comparison  of  materials  is  complicated  by  the  three-photon  resonance 
that  occurs  if  laser  wavelength  A.l  =  3Xmax  where  Xmw  denotes  the 
wavelength  of  the  absorption  maximum.  x^^\-3co;ci),(o,co)  is  imaginary 
at  the  three-photon  resonance  and  the  modulus  of  x^^\-3c£);e),(D,to)  has 
its  maximum  value  It  is  typically  3-5  times  larger  than  the  off- 
resonant  data.  It  is  rather  difficult  to  obtain  really  non-resonant  data 
with  THG.  Therefore  we  use  the  wavelength  Xo  of  the  absorption  edge 
that  can  be  found  by  linear  extrapolation  of  the  absorption  spectrum  to 
the  baseline.  At  Xl  =  3Xo  we  obtain  x^^^o  and  consider  this  also  as  a 
representative  value  for  materials  comparison. 

Shorter  oligomers  OPVn  were  dispersed  in  polystyrene  (PS) 
using  concentrations  of  3-5  ®/o  by  weight  in  order  to  obtain  films  with 
improved  stability.  The  absorption  coefficient  Omax  at  the  maximum  of 
the  absorption  band  (at  Xn»x)  depends  on  the  number  of  chromophores 
per  unit  volume.  The  data  are  shown  in  Tab.  1  and  Fig.  2  to  visualize 
structure-property  relations. 
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TABLE  1  Linear  and  nonlinear  optical  data  of  thin  films. 


Compound 

[nm] 

ttmax 

[cm‘] 

X^\.(-3©;co,co,©) 

[esu] 

OPVi  in  PS 

361 

1.2  lO'^ 

(5.9±1.0)  10**^ 

OPViinPS 

386 

1.9  10^ 

(1.5±0.2)  10*^^ 

OPVjinPS 

403 

1.8  lO" 

(2.4±0.2)  10-^^ 

OPV3 

383 

2.0  10’ 

(1.6±0.3)  10*“ 

OPV4  in  PS 

406 

1.6  10^ 

(2.0L0.4)  10*’^ 

OPV4 

394 

2.1  10^ 

(2.010.3)  10'“ 

OPV5 

406 

2.4  10^ 

(4.0±0.5)  10" 

PPV 

458 

3.4  10^ 

(1.610.2)  10*^° 

DPOP-PPV 

359 

5.4  10“* 

(1.810.2)  10‘“ 

DA-PPV 

412 

6.2  10^ 

(3.110.1)  10*“ 

CNE-PPV 

447 

1.1  10’ 

(6.210.2)  lO'” 

MEH-PPV 

477 

1.5  10’ 

(2.110.2)  10*“ 

FIGURE  2  Masterplot  of  conjugated  polymers  and  oligomers  in  a  double 
logarithmic  scale. 
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The  data  of  OPV„  and  PPV  are  in  good  agreement  with  the 
scaling  relationship  [5] 

\es("3o;(D,(D,C0)  /Ctmax  (^<inax)  (3) 

As  we  have  pointed  out  already  [5],  relation  (3)  is  valid  only  for 
oligomers  and  polymers  with  identical  repeat  units  or  systems  that  have 
a  similar  dependence  of  Xnux  on  the  system  size.  Fig.  2  clearly  shows 
that  the  substituted  polymers  DA-PPV,  CNE-PPV  and  MEH-PPV 
deviate  significantly  from  the  scaling  relation  (3).  This  can  be 
interpreted  with  the  fact  that  substitutions  with  oxygen,  alkoxy  groups, 
or  donor/acceptor  groups  lead  to  strong  red-shifts  of  Xmax-  This 
reduction  of  the  HOMO-LUMO  energy  gap  has  been  observed  in 
similar  polymers  [27].  We  conclude  that  the  substitutions  of  DPOP- 
PPV,  DA-PPV,  CNE-PPV  and  MEH-PPV  obviously  do  not  lead  to 
improvements  of  x^^^(“3(ji);o,co,a). 

The  x^^Vttmax  data  of  DA-PPV  and  CNE-PPV  are  quite  similar  to 
the  data  of  OPVi.  This  result  indicates  that  the  effective  conjugation 
length  (ECL)  of  DA-PPV  and  CNE-PPV  is  similar  to  the  size  of  OPVi. 
For  definition  of  ECL  see  Ref  [7].  Inspection  of  Fig.  1  shows  that  the 
repeat  units  of  DA-PPV  and  CNE-PPV  consist  of  3  phenyl  rings  and  2 
vinylene  units.  This  is  nearly  the  identical  physical  length  as  OPVi.  We 
conclude  that  the  7C-electron  delocalization  is  mainly  limited  by  oxygen 
in  the  main  chain  of  CNE-PPV  and  by  steric  constraints  in  the  cases  of 
DA-PPV  and  DPOP-PPV,  which  leads  to  nonplanar  backbone 
conformations.  By  similar  comparison  with  OPVn  we  conclude  that 
ECL  of  MEH-PPV  corresponds  to  approximately  4-5  repeat  units. 

These  results  indicate  that  THG-spectroscopy  can  be  used  to 
evaluate  ECL  of  conjugated  polymers  by  comparison  with  oligomers  of 
precisely  known  size. 


4.  FIGURE  OF  MERIT 

The  application  potential  of  materials  for  all-optical  waveguide 
switching  can  be  estimated  by  figures  of  merit  [2,3,28].  If  the  linear 
losses  oo  are  much  larger  than  the  nonlinear  losses  (e.g.  by  two-photon 
absorption)  the  figure  of  merit  W  is  used: 
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For  the  opposite  case  i.e.  if  oo  «  a2l,  the  figure  of  merit  T  applies: 

T  =  (5) 

"2 


Materials  have  to  surpass  the  conditions  W  >  1  and  T  <  1  significantly 
in  order  to  be  good  candidates  for  all-optical  switching  devices. 

We  use  our  data  of  and  the  measured  total 

waveguide  losses  agw  to  estimate  W.  We  apply  the  conversion  formula 
from  esu-  to  Sl-units  [1] 

n2[cm^AV]  =  0.039  no'^  x^^\-©;t^,-(0,03)[esu]  (6) 

and  the  approximation  x^^\“Co;co,-co,(o)  «  x^%(-3co;co,(o,co).  The  results 
are  shown  in  Tab.  2.  MEH-PPV  has  W  =  10  and  appears  to  be  one  of 
the  most  promising  conjugated  polymers  for  all-optical  waveguide 
switching.  We  will  see  below  that  the  figure  of  merit  T  looks  also  more 
promising  for  PPVs  as  compared  to  polydiacetylenes. 

The  origin  of  x^^\-30;a),o,(D)  is  a  pure  electronic  and  not  a 
thermal  process.  It  would  be  still  highly  desirable  to  obtain  n2-  and  a2- 
data  from  intensity  dependent  refractive  index  measurements.  But  only 
few  experimental  investigations  exist  presently,  see  e.g.  Refs.  [12-16], 


TABLE  2  Linear  and  nonlinear  optical  data  of  conjugated  polymers  used  to 
estimate  the  figure  of  merit  W.  (a)  otgw  refers  to  total  loss  of  TEo  mode  at  1064 
nm;  (b)  measured  at  Xl  =  3Xo  with  THG;  (c)  evaluated  for  X  =  1064  nm  and  I 
=  1  GW/cm^;  (d)  estimate  from  3  cm  visible  laser  strike;  (e)  data  from  [29], 


Polymer 

Xo 

[nm] 

a 

Ugw 

[dB/cm] 

[esu] 

n2 

[cm^AV] 

w<=) 

PPV 

521 

40 

2.0  10'^^ 

3.0  lO'^"* 

0.15 

DPOP-PPV 

447 

0.6 

1.5  10’*^ 

2.1  lO*" 

0.7 

DA-PPV 

502 

6.3 

2.0  10**^ 

3.0  lO'*'* 

0.1 

CNE-PPV 

514 

0.4 

5.5  lO'^’ 

7.6  IQ-'" 

4 

MEH-PPV 

570 

0.5 

1.7  10*^^ 

2.4  10-*^ 

10 

P4-BCMU 

585 

g(<^ 

3  10-" 

4.6  10-'^ 

1 
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5.  NONLINEAR  PRISM  COUPLING 

We  have  shown  recently  how  intensity  dependent  prism  coupling  of 
thin  film  waveguides  can  be  used  to  obtain  the  signs  and  absolute 
values  of  n:  and  az  [16],  Our  investigations  of  unsubstituted  PPV  reveal 
maxima  of  0.2  that  fit  perfectly  to  the  two-photon  fluorescence 
excitation  spectrum  of  Baker  et  al  [30].  We  observe  an  onset  for  two- 
photon  absorption  (TP A)  in  PPV  at  Xl  <  950  nm  which  is  in  good 
agreement  with  reports  of  TPA  energy  levels  located  well  above  the 
one-photon  transitions  [3 1,32]. 

We  have  also  studied  waveguides  of  P4-BCMU  using  pico¬ 
second  laser  pulses  in  the  range  700  nm  <  Xl  <  1600  nm.  The 
evaluation  procedure  was  simplified  by  the  approximation  of  a  constant 
air  gap  thickness  of  50  nm  between  prism  and  film  which  represents  the 
so-called  overcoupled  situation.  Therefore,  we  can  specify  0.%  in 
arbitrary  units  only.  The  results  are  shown  in  Fig.  3. 


X[nm] 


400  500  600 


FIGURE  3  Linear 
and  nonlinear  spectra 
of  P4-BCMU  on  fused 
silica  (d  =  950  nm). 
The  X  scale  of  (a)  is 
expanded  by  &ctor  2 
as  compared  to  (b)  and 
(c)  to  visualize  the 
spectral  positions  of 
TPA  levels  with 
respect  to  one-photon 
transitions. 
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The  TPA  spectrum  (Fig.  3b)  has  two  distinct  maxima  (I  at  Xl  = 
850  nm.  III  at  Xl  =  1170  nm)  which  are  in  good  agreement  with  earlier 
results  of  Torruellas  et  al  [33].  The  less  pronounced  shoulder  11  at  Xl  = 
940  nm  was  not  observed  before.  The  spectrum  of  n2  shows  the  typical 
dispersive  behaviour  at  resonance  I  that  we  have  described  by  model 
calculations  recently  [16].  Several  changes  of  the  sign  of  n:  exist  in  Fig. 
3c.  They  indicate  additional  spectral  features  that  have  not  been 
assigned  yet.  The  onset  for  TPA  in  P4-BCMU  occurs  at  Xl  <  1300  nm 
which  shows  that  TPA  energy  levels  exist  in  P4-BCMU  even  below  the 
one-photon  transitions. 


6.  SUMMARY  AND  CONCLUSIONS 

We  have  obtained  waveguides  of  several  soluble  PPV-derivatives  with 
losses  <  1  dB/cm.  THG  spectroscopy  can  be  used  to  evaluate  the 
effective  conjugation  lengths  of  conjugated  polymers  by  comparison 
with  oligomers.  Our  figures  of  merit  W  for  several  PPV  derivatives  and 
P4-BCMU  and  the  observed  onsets  for  TPA  indicate  that  several  PPVs 
show  much  better  promise  for  all-optical  waveguide  switching  than  the 
polydiacetylene  P4-BCMU. 
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We  have  analysed  the  second-order  susceptibility  tensor  of  Langmuir- 
Blodgett  films  of  a  chiral  helicenebisquinone.  The  tensor  components 
associated  with  chirality  dominate  the  nonlinear  response.  We  have  also 
demonstrated  quasi-phase-matched  frequency  conversion  in  a  structure 
comprised  of  alternating  stacks  of  the  enantiomers 


Keywords  second-harmonic  generation;  Langmuir-Blodgett  films 


INTRODUCTION 


A  necessary  requirement  for  second-order  nonlinear  optical  phenomena 
to  occur  is  the  strict  absence  of  centrosymmetry  on  a  molecular  and 
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macroscopic  level.  On  a  molecular  level,  noncentrosymmelry  is  usually 
achieved  by  connecting  strong  electron  donors  and  acceptors  by  a  k- 
conjugated  bridge,  yielding  strongly  dipolar  molecules.  The  macroscopic 
centrosymmetry,  on  the  other  hand,  is  usually  artificially  broken  by 
techniques  such  as  aligning  molecular  dipoles  in  an  external  electric  filed 
(poling)  or  by  depositing  Langmuir-Blodgett  films  or  self-assembled 
films.  All  these  techniques  result  in  polar  order,  the  net  alignment  of 
molecular  dipoles  along  an  axis,  the  polar  axis  of  the  material.  Such 
materials  are  often  unstable,  and  their  nonlinear  response  therefore 
decreases  with  time  [1]. 

However,  polar  order  is  not  required  for  a  material  to  be 
noncentrosymmetric.  Chiral  molecules  and  materials  comprised  of 
enantiomerically  pure  chiral  molecules  are  inherently 
noncentrosymmetric.  Accordingly,  they  give  rise  to  second-order 
nonlinear  optical  effects  even  in  the  absence  of  polar  order.  In  fact 
frequency  mixing  in  isotropic  solutions  of  chiral  sugar  molecules  has 
been  observed  experimentally  and  it  has  been  shown  that  the  electro-optic 
effect  could  be  allowed  in  isotropic  chiral  media  [2,3].  Furthermore,  the 
nonlinear  optical  coefficients  associated  with  chirality  can  be  quite  large 
[4]. 

Not  only  noncentrosymmelry  is  important  in  the  field  of  second- 
order  nonlinear  optics.  For  frequency  conversion,  the  nonlinear 
interaction  must  be  phase-matched,  i.e.  the  nonlinear  source  polarization 
and  the  generated  field  must  propagate  through  the  medium  in  phase. 
Perfect  phase-matching  can  be  achieved  in  birefringent  materials,  relying 
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on  the  fact  that  their  refractive  indices  depend  on  the  polarizations  of  the 
interacting  fields.  However,  several  problems  are  associated  with  perfect 
phase-matching  and  one  often  uses  an  alternative  known  as  quasi-phase¬ 
matching.  Here,  the  signs  of  the  nonlinearity  are  reversed  after  each 
coherence  length  which  restores  the  phase  relation  between  the  source 
and  the  generated  field,  allowing  the  nonlinear  signal  to  grow  quasi 
continuously.  In  polar  materials,  quasi-phase-matching  can  be  achieved 
by  periodic  poling  which  leads  to  a  material  in  which  the  polar  axis  is 
reversed  after  each  coherence  length.  Chiral  molecules  provide  a  very 
interesting  alternative  to  periodic  poling.  The  nonlinear  coefficients 
related  to  chirality  are  opposite  in  sign  for  both  enantiomers.  Therefore, 
quasi-phase-matched  frequency  conversion  is  possible  in  structures 
composed  of  alternating  stacks  of  enantiomers  [5]. 

In  this  paper,  we  present  a  complete  analysis  of  the  second-order 
susceptibility  tensor  of  Langmuir-Blodgett  films  of  a  chiral 
helicenebisquinone.  We  show  that  the  chiral  tensor  components 
dominate  the  nonlinear  response  and  use  the  material  to  demonstrate  the 
concept  of  quasi-phase  matching. 
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EXPERIMENTS  AND  DISCUSSION 


OC12H25 


FIGURE  I  Chemical  structure  of  the  helicenebisquinone 

In  our  experiments,  we  have  investigated  Langmuir-Blodgett  films  of  the 
chiral  helicenebisquinone  shown  in  Fig.  1.  Such  films  have  unique 
second-order  nonlinear  optical  properties.  In  the  Langmuir-Blodgett 
films,  the  material  forms  supramolecular  aggregates  that  enhance  the 
nonlinear  response  of  the  enantiomerically  pure  material  significantly 
compared  to  the  racemic  material  [6].  Recently,  the  second-order 
susceptibility  of  a  horizontally  dipped  Langmuir-Blodgett  film  of  the 
nonracemic  material  has  been  completely  characterized  [7].  Here,  we 
present  a  complete  analysis  of  the  susceptibility  tensor  of  a  vertically- 
dipped  Langmuir-Blodgett  film  of  the  nonracemic  material. 

We  constructed  30  layer  thick  LB -films  by  spreading  a  dilute 
chloroform  solution  of  nonracemic  helicenebisquinone  onto  the  water 
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subphase  of  a  Langmuir-Blodgett  trough,  followed  by  vertical  deposition 
onto  hydrophobic  glass  (treated  with  octadecyltrichlorosilane)  slides. 
The  deposition  was  Y-type  and  the  deposition  ratio  was  approximately  1 
which  is  an  indication  of  a  good  transfer  of  single  monolayers  from  the 
water  subphase  onto  the  substrate. 


90 


FIGURE  2  Second-harmonic  generation  intensity  (in  arb.  units) 
as  a  function  of  the  azimuthal  rotation  angle. 

LB-films  were  studied  with  second  harmonic  generation  (SHG). 
A  Nd:YAG  laser  (1064  nm,  50  Hz,  8  ns)  was  used  to  irradiate  the 
samples  and  the  generated  light  at  532  nm  was  detected.  First,  the 
macroscopic  symmetry  of  the  LB-films  was  determined  by  detecting  the 
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second  harmonic  signal  while  rotating  the  sample  around  the  surface 
normal.  The  recorded  pattern  (Fig.  2)  for  a  p-polarized  fundamental  and 
a  s-polarized  second-harmonic  suggests  a  two-fold  symmetry.  Hence, 
our  analysis  of  the  second-order  susceptibility  tensor  will  be  based  on  the 
assumption  of  a  C,-symmetry. 

To  determine  the  components  of  the  susceptibility  tensor,  we  used 
the  polarization  technique  of  [7].  For  samples  with  a  C,  symmetry  it  is 
convenient  to  define  combinations  of  susceptibility  components  that  are 
invariant  under  rotation  around  the  two-fold  axis.  For  a  symmetry, 
these  combinations  are  +  Xyy.  and  x,,,  -  Xy„-  Important 

is  that  the  last  combination  is  uniquely  associated  with  chirality. 


rotational  invariant 

(represented  by  its  Cartesian  indices) 

relative  magnitude 

xyz  -  yxz 

1 

xxz  +  yyz 

0.05 

zxx  +  zyy 

0.03 

zzz 

0.05 

TABLE  1  Relative  magnitudes  of  the  rotationally  invariant 
combinations  of  susceptibility  components  of  a  30-layer  Y-type 
Langmuir-Blodgett  film.  All  values  were  referenced  to  the  xyz  -  yxz 
combination. 
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The  values  for  these  combinations  are  listed  in  Table  1.  It  is  clear 
from  Table  1  that  the  combination  Xxyz  -  Xyxz  is  dominant  and  that  the 
other  susceptibility  components  can  be  considered  negligible.  This  is  not 
surprising  since  the  Y-type  structure  of  the  Langmuir-Blodgett  films  is 
expected  to  cancel  all  achiral  susceptibility  components  and  only 
coefficients  related  to  chirality  are  nonvanishing.  Therefore,  the  actual 
symmetry  of  the  sample  will  be  close  to  Dj. 

In  chiral  materials,  the  tensor  components  associated  with 
chirality  change  sign  between  the  enantiomers,  whereas  the  achiral 
components  maintain  their  sign.  Therefore,  structures  consisting  of 
alternating  layers  of  the  two  enantiomers  can  provide  a  new  approach  to 
sign  inversion  requirements  for  quasi-phase-matching.  To  illustrate  this 
effect,  we  prepared  films  whose  units  were  four  layers  of  a  single 
enantiomer,  either  (P)-(+)-  or  the  (M)-(-).  The  films  were  composed  of 
maximum  32  layers  comprised  of  eight  identical  (P/P/P...)  or  alternating 
(P/M/P...)  units.  Second-harmonic  light  emanating  from  the  samples 
was  detected  in  transmission.  Since  the  coherence  length  in  this  case  is 
much  smaller  than  the  thickness  of  the  samples,  the  nonlinear  response  of 
each  unit  can  be  added.  Because  of  the  chirality  of  the  helicene,  the 
second-harmonic  response  of  the  P/P/P...  samples  should  increase 
quadratically  with  the  number  of  layers,  while  the  P/M/P/...  structures 
should  exhibit  no  SHG  when  the  number  of  P  units  is  equal  to  the  number 
of  M  units.  This  was  experimentally  observed  and  is  shown  in  Fig.  3. 
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FIGURE  3  Second-harmonic  intensity  of  the  LB  films  as  a 
function  of  the  number  of  layers:  P/M/P/...  structures  (open 
squares)  and  P/P/P/...  (filled  dots).  The  solid  line  is  a  quadratic 
fit  of  the  data  points  for  the  P/P/P/...  structures. 

The  first  evidence  of  a  quasi-phase  matching  effect  was  obtained 
by  studying  a  set  of  samples  consisting  of  different  numbers  of  layers  of 
one  enantiomer  on  an  equal  number  of  the  other.  If  this  experiment  had 
been  conducted  by  detecting  transmitted  light,  the  number  of  layers 
would  have  been  very  large.  To  avoid  having  to  deposit  so  many  layers, 
we  instead  detected  the  second-harmonic  light  that  was  reflected,  for  the 
coherence  length  is  then  very  short.  The  angle  of  incidence  was  42.6 
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The  SHG  intensity  as  a  function  of  the  thickness  was  calculated  assuming 
the  quasi-phase-matching  effect,  taking  into  account  the  absorption  of  the 
second-harmonic  beam  by  the  sample  [5].  The  experimental  data 
perfectly  match  the  theoretical  curve.  In  particular,  the  output  intensity  is 
observed  to  decrease  when  the  stacks  are  thicker  than  the  coherence 
length.  The  value  for  the  coherence  length  deduced  from  the  best  fit 
corresponds  to  48  molecular  layers  per  stack. 


FIGURE  4  Phase-matching  curve  for  the  P/M  structure.  The 
solid  line  represents  a  theoretical  fit  to  the  experimental  data 
points  [5]. 

Finally,  a  new  series  of  samples  comprised  of  alternating  stacks 
(each  stack  composed  of  48  layers)  of  the  two  enantiomers  were 
investigated.  As  shown  in  Fig.  5,  the  second-harmonic  intensity  grows 
continuously,  demonstrating  the  quasi-phase-matching  effect  [5]. 
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FIGURE  5  Second-harmonic  intensities  as  functions  of  the  total 
number  of  molecular  layers  of  the  quasi-phase-matched 
structures.  The  thickness  of  each  stack  is  48  molecular  layers, 
calculated  to  be  equal  to  one  coherence  length  at  the  42.6°  angle 
of  incidence  [5]. 
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Synthesis  and  Mesogenic  Properties  of  Liquid  Crystals  Containing  a 
Methylene- L4-Di-,  Tetra-  or  Hexahydropyridine  Core  Unit 


M.  HE,  R.  J.  TWIEG 

Kent  State  University,  Department  of  Chemistry  and  the  Liquid 
Crystal  Institute,  Kent,  OH  44242 


A  series  of  mesogens  that  contain  derivatives  of  pyridine  with  1,4 
connectivity  in  the  core  have  been  prepared.  The  methodologies 
applied  to  the  synthesis  of  these  materials  are  outlined  and 
preliminary  characterization  of  their  mesogenic  properties  is 
discussed  comparing  the  behavior  of  homologues  that  differ  in  the 
extent  of  reduction  of  the  pyridine  core  and  in  methylene  substitution. 


Keywords:  pyridone,  dihydropyridine,  tetrahydropyridine, 

hexahydropyridine 


INTRODUCTION 

Heterocycles  are  extremely  important  constituents  of  many  organic 
molecules  and  their  introduction  influences  numerous  important 
physical  properties  and  also  dramatically  opens  up  the  available 
synthetic  options.  This  is  certainly  the  case  in  the  area  of  liquid  crystals 
where  it  is  now  commonplace  to  introduce  heterocycles  to  modify  a 
wide  range  of  important  physical  properties.  The  introduction  of 
pyridine  (as  a  substitute  for  the  benzene  ring)  into  liquid  crystals  is 
illustrative.  The  literature  contains  well  over  2900  examples  of  liquid 
crystals  containing  this  ring  in  various  forms:  the  parent  pyridine  ring 
usually  substituted  at  either  or  both  the  2  and  5  positions,  condensed 
pyridines  such  as  quinoline,  salts  and  oxides  of  pyridine  usually 
substituted  at  the  1  and  4  positions  and  intermolecular  base-acid 
complexes  such  as  with  carboxylic  acids.  Additionally,  also  known  but 
much  less  common,  the  use  of  fully  reduced  pyridine  (piperidine  or 
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hexahydropyridine)  is  also  known  and  almost  exclusively  in  a  1.4- 
substitution  pattern.  Other  partially  reduced  pyridincs  and  especially 
those  with  exocylic  conjugation  are  very  uncommon  or  unknown  and 
these  latter  systems  are  the  type  discussed  here  herein.  [  1  ] 

We  had  previously  described  a  simple  synthesis  and  the  mesogenic 
properties  of  some  l,4-methylenedihydropyridines.[2.3]  We  have  now 
prepared  a  wide  range  of  these  systems  that  possess  almost  exclusively 
Sa  phases  and  so  we  were  curious  to  learn  whether  mesogenic  activity 
is  retained  as  the  ring  is  next  reduced  to  the  1,4- 
methylenetetrahydropyridine  and  again  reduced  further  to  the  1,4- 
methylenehexahydro pyridine.  In  Figure  1  are  found  the  general 
structures  of  the  heterocycles  of  interest  here. 


1  -R-4-(  A,  A'-methylene)- 1 ,4-dihydrop>Tidine 


1  -R-4-(  A,  A'-methylene)- 1 ,4-tetrahydro  pyridine 
(two  isomers  if  A  A’) 

1  -R-4-( A, A -methylene)- 1 ,4-hexahydropyridine 


Figure  1.  General  Structures  of  the  Heterocycles  Under  Investigation 
for  Incorporation  into  Liquid  Crystals. 

The  first  and  second  entries  in  Figure  1  are  clearly  conjugated 
compounds  capable  of  significant  intramolecular  charge  transfer. 
Here  the  endocyclic  nitrogen  donor  is  coupled  with  an  A  /  A’  pair, 
either  or  both  of  which  are  acceptor  groups,  that  terminate  the 
exocyclic  methylene  group.  These  first  two  entries  have  resonance 
contribution  which  involve  8^  charge  on  the  N-donor  and  8'  charge  on 
the  carbon  bearing  A  /  A'  acceptor  group(s).  In  the  third  entry 
conjugation  of  the  donor  nitrogen  with  the  acceptor  unit  is 
significantly  diminished  due  to  the  absence  of  7i-conjugation  but  is 
still  possible  (and  evident)  but  by  a  through  bond  mechanism.  [4] 
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Scheme  1.  Synthesis  of  Liquid  Crystals  and  Some  Intermediates. 

a)  4-hydroxypyridine,  K2CO3.  NMP 

b)  NCCH2A,  AC2O  (A=CN  for  1a,  A=COOMe  for  1b) 

c)  [(CH30CH2CH20)2AlH2]Na,  THF/toluene 

d)  NH4OAC,  HOAc,  toluene  (A=CN  for  2a,3a,  A=COOMe  for  2b, 3b) 

e)  l2,  NaHC03,  CH2CI2,  H2O 

f)  H,7C80PhB(0H)2,  PdCi2(dppf),  K2CO3,  DMF 

The  synthesis  methods  employed  are  outlined  in  Scheme  1 .  While  the 
methylenedihydropyridines  1a,b  and  methylenetetrahydropyridines 
2a, b  are  prepared  via  the  common  dihydropyridone  5  we  have  thus 
far  failed  to  identify  a  way  to  prepare  the  hexahydropyridines  3a, b 
involving  this  route.  Instead,  a  separate  route  in  which  the  4-pyridone 
ring  is  introduced  early  in  the  sequence  had  to  be  devised.  A  number 
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of  dead  ends  that  were  encountered  in  our  synthetic  plans  will  be 
discussed  elsewhere  along  with  the  full  experimental  details  of  these 
successful  approaches. 

The  coupled  dihydro  and  tetrahydro  series  are  discussed  first.  The  4- 
octyloxy-4’-fluorobiphenyl  4  is  prepared  from  the  known  4-fluoro-4’- 
biphenol  [5]  that  itself  was  obtained  by  palladium  mediated  aryl 
coupling  (in  our  case  we  employed  the  Suzuki  coupling  of 
fluorophenylboronic  acid  with  4-iodooctyloxybenzene  or  a  protected 
4-iodophenol  with  subsequent  deprotection  and  alkylation).  The  4- 
octyloxy*4'-fluorobiphenyl  is  then  subjected  to  aromatic  nucleophilic 
substitution  with  4‘hydroxypyridine.  We  have  already  demonstrated 
this  method  as  very  useful  for  preparation  of  a  wide  range  of  N- 
arylpyridones. [2,3,6]  This  pyridone  5  can  be  converted  directly  and  in 
high  yield  to  the  methylene  derivatives  1a  and  2a  by  respective 
reaction  in  acetic  anhydride  with  malononitrile  or  the  methyl  ester  of 
cyanoacetic  acid  (other  cyanoacetic  acids  have  been  used  and  give 
analogous  cyanoesters  as  will  be  discussed  elsewhere).  One  of  the 
double  bonds  in  pyridone  5  (a  dienone)  can  be  selectively  reduced 
[7]  to  the  monoenone  6  which  is  subsequently  reacted  with  active 
methylene  compound  but  here  using  ammonium  acetate  in  acetic  acid 
instead  of  acetic  anhydride. 

For  the  separate  hexahydro  series  the  known  phenylpiperidone  7  [8] 
was  iodinated  to  give  8  and  then  coupled  to  give  the  three  ring 
piperidone  9  which  is  reacted  next  with  an  active  methylene 
compound  to  give  activated  methylene  derivatives  3a  and  3b. 

RESULTS  AND  DISCUSSION 

The  physical  properties  of  the  final  materials  are  provided  in  Table  1 . 
For  the  methylene  dihydropyridines  1a  and  1b  only  the  cyanoester  1b 
showed  mesogenic  properties,  a  broad  Sa  phase  Just  as  is  usually  the 
case  with  their  smaller  two  ring  homologues  with  simple  alkyl  or 
alkoxy  tails.  [3]  In  the  case  of  the  tetrahydropyridines  both  dicyano  2a 
and  cyanoester  2b  are  mesogenic.  The  phase  in  2a  that  appears  prior 
to  clearing  has  not  been  assigned  yet  and  in  2b  an  additional  small 
nematic  range  appears  additionally  prior  to  clearing.  In  the  case  of  the 
hexahydro  compounds  3a  and  3b  mesogenic  activity  is  here  found 
only  in  the  case  of  the  cyanoester  3b  that  has  a  small  Sa  range.  The 
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mesogenic  activity  of  3b  remarkable  since  these  compounds  appear  to 
prefer  an  axial  conformation  of  the  N-substituent  of  the  piperidine 
ring.  [9]  The  wavelength  and  extinction  coefficient  of  the  charge 
transfer  band  for  these  molecules  are  also  provided  in  Table  1.  The 
methylenetetrahydropyridines  have  the  longest  wavelength  absorption 
and  the  hexahydropyridines  show  the  anticipated  [4]  charge  transfer 
band  as  well,  albeit  with  the  shortest  wavelength  and  weakest 
extinction  coefficient  in  the  series.  It  is  of  interest  that  ketone 
precursors  5  and  6  are  mesogenic  while  9  is  not.  The  mesogenic 
activity  of  other  pyridones  like  5  has  also  been  recently  observed  and 
studied  in  some  detail.  [10] 


Compound 

#  ,  LC  range 

Xr,..  (0,  THF) 

1a 

K220I 

383  (95800) 

2a 

K,118K2l57Sxl83  1 
429  (34900) 

3a 

K  1381 

363  (6560) 

'^-‘=»o-0"^O^CHcooch3 

1b 

K139K186  Sa277I 
391  (68368) 

2b 

K155Sx222N228  I 
432  (37900) 

3b 

K142  Sa150I 

360  (4516) 

Table  1.  Physical  properties  of  a  Contiguous  Set  of  Three-ring 
Methylene  Di-,  Tetra-  and  Hexa-hydro  Pyridines.  The  phase 
transitions  were  obtained  by  polarized  optical  microscopy. 
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In  conclusion,  a  contiguous  series  of  methylene  dihydro,  tetrahydro 
and  hexahydro  pyridine  liquid  crystals  have  been  prepared  and  in  the 
latter  two  cases  this  is  the  first  demonstration  of  mesogenic  activity  in 
molecules  containing  these  heterocycles.  These  molecules  are  of 
interest  due  to  their  multifunctionality;  in  this  case  the  combination  of 
mesogenic  properties  with  optica!  or  electronic  properties  potentially 
usetlil  for  photorefractivity  or  related  applications.[l  1.12]  Of  special 
interest  are  those  substances  with  through  bond  conjugation.  The 
investigation  of  the  electronic  and  optical  properties  of  these  and 
related  materials  are  presently  underway  and  the  lull  experimental 
details  and  data  will  be  forthcoming  subsequently. 
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Electro-optic  (EO)  crystals  could  be  ideal  materials  for  generating  and 
detecting  free-space  ultra-broadband  THz  waves.  We  report  recent 
results  on  the  material  selection  of  THz  emitters  and  sensors  for  THz 
image  applications.  Organic  DAST  crystal  is  a  promising  candidate 
with  high  applicable  frequency  bandwidth  up  to  20  THz  and  large  EO 
coefficients.  We  report  the  development  of  a  novel  scheme  with  DAST 
as  an’ ultrafast  THz  wave  sensor.  The  dielectric  constant  of  DAST  is 
obtained  by  transmission  and  reflection  spectroscopy.  Furthermore,  36 
times  enhancement  of  high-frequency  THz  radiation  at  7  -  20  THz  is 
obtained  from  optical  rectification  in  a  thin  DAST,  compared  with  our 
best  ZnTe  emitter. 


Keywords:  DAST;  Terahertz  (THz);  Electro-optic;  Sensor;  Emitter; 
Birefringence. 


INTRODUCTION 

Since  the  first  invention  of  the  organic  ionic  salt  crystal  4- 
dimethylamino-7V-methylstilbazolium  tosylate  (DAST),  a  lot  of  efforts 
have  been  made  in  its  growth,  characterization  and  applications 
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because  of  its  attractively  high  nonlinear  optical  and  electro-optical 
(EO)  coefficients.[l-3]  The  second  order  nonlinear  coefficient  of 
DAST  is  840  pm/V  at  1542  nm.  EO  measurement  at  820  nm  resulted 
in  a  Pockels  coefficient  of  75  pm/V. [3]  DAST  has  been  used  to 
generate  broadband  THz  radiation  by  optical  rectification  [4,5]  and 
narrowband  THz  by  difference-frequency  mixing  using  dual¬ 
wavelength  laser  [6].  Moreover,  low  dielectric  constants  of  DAST 
allows  high  speed  EO  modulation  and  detection.  An  intensity 
modulation  up  to  18  GHz  was  observed  from  DAST  waveguide. [7] 
DAST  was  also  used  to  monitor  mm  wave  field  by  interferometric 
methods. [8]  With  the  recent  development  of  free-space  THz  EO 
sampling  technique,[9-l  1]  it  is  of  great  interest  to  utilize  the  high 
Pockels  coefficient  of  DAST  as  far  infrared  (IR)  sensor,  even  as  mid- 
IR  sensor  or  emitter  [12]. 


CHARACTERIZATION  OF  DAST  AT  FAR  INFRARED 

The  dielectric  constants  of  DAST  has  been  characterized  by  THz 
transmission  spectroscopy.[4,13]  However,  due  to  the  strong 
absorption  above  1  THz,  it  is  difficult  to  get  accurate  data  in  that 
frequency  region.  Hence,  THz  reflection  spectroscopy  [14-17]  is 
employed  to  obtain  the  complex  dielectric  constants  of  DAST.  A  c-cut 
DAST  sample  with  a  dimension  of  4x6x1  mm‘^  is  used.  Due  to  the 
strong  birefringence,  separate  measurement  is  done  with  THz 
polarization  parallel  to  a  and  h  axis  of  DAST.  A  well-collimated  THz 
beam  is  incident  at  DAST  surface  at  45°.  THz  beam  is  restricted  to  a 
diameter  of  3  mm  by  an  iris  to  fit  the  sample.  Reflected  THz  beam  is 
collected  and  focused  by  a  paraboloidal  mirror  and  detected  by  EO 
sampling  setup.[17]  As  a  reference,  a  silver  mirror  is  used  in  place  of 
DAST  with  over  99%  reflectivity  for  THz  beam.  The  complex 
reflectivity  can  be  resolved  in  the  whole  spectrum  from  0.2  to  3  THz. 
Fitting  the  data  using  an  oscillator  model  yields  a  complete 
characterization  of  dielectric  constants  of  DAST. 

Fig.  1  shows  the  experimental  reflectivity  of  DAST  and  the  fitting 
curve  using  the  oscillator  model.  At  a  axis,  one  phonon  is  observed 
and  fitting  yields  the  following  parameters: 

1  2  2 


(1) 
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where  £x==5.55,  8o=6.39,  (0to=1.11  THz,  y=0.16  THz.  On  the  othei 
hand,  two  phonons  are  observed  in  h  axis: 


^ ^ ^ -  (2) 

'^TO\  K)2  /  (^T02 

where  s^=2.99,  Asi=0.21,  A82=0.70,  cotoi=1.12  THz,  coto2=1.53  THz, 
Yi=0.12  THz,  Y2=0.31  THz.  We  notice  that  the  damping  time  constant 
obtained  is  short  comparing  with  those  of  polar  semiconductor  crystal. 
The  difference  may  be  due  to  the  different  structural  and  crystal 
properties  of  the  organic  crystal. 


Fig.  1 :  Experimental  reflectivity  of  DAST  and  the  fitting  curves  using 
oscillator  model  along  a  and  b  axis. 


THEORETICAL  CALCULATION  OF  DAST  AS  TERAHERTZ 
EMITTER  AND  SENSOR 
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DAST  crystal  has  a  monoclinic  structure  with  point  group  m  and 
standard  orientation.  There  are  10  independent  nonzero  second-order 
coefficients,  and  there  are  three,  namely  du,  d/j,  d26^  involved  in  the 
experiment  with  a  (001)  sample  in  normal  incidence.  The  radiated  THz 
field  can  be  expressed  as; 

=  ^[(^11  ~d,,-2d^^)co^W  +  Od,,+  d,,^2d,JcQsei 
A 

^rih.h  =  -[(du  -d^.  -2d,j,)sin3d-id^,  +  3^/,.  - 2c/;,,)sin^]; 


Where  Etu/.^,,  Ethz.7>  are  the  THz  components  in  a  and  h  axis  of  DAST, 
and  0  is  the  angle  between  pump  beam  polarization  and  a  axis. 

When  a  c-cut  DAST  is  used  as  EO  sensor  and  E  field  is  parallel  to 
the  crystal  surface  with  an  angle  <j)  with  a  axis,  the  ellipsoid  difference 
of  DAST  at  X  and  y  axis  can  be  derived  as; 


— ^ - ^  _  j  _  - +  r  Ecos(f>  -  r-.E cos<p  -  r.^E sin (/>) 

n.'-  \}r )  ^2^211  21  ^62 


1  1 


n  n 
X  y 


= - - ;y +  r.  ,£C0S^-r.^  £'C0S^ 

n  ^  n  ^  ^  ^ 

X  >- 


(4) 


where  rij  are  the  corresponding  components  of  the  EO  tensor  and  in  the 
above  equation,  we  make  approximation  by  neglecting  r62  since  r62  « 
rii,  r2i.  We  can  derive  the  following  conclusions:  1).  Maximum  THz- 
induced  change  occurs  when  THz  field  is  polarized  in  a  axis;  2). 
Strong  intrinsic  birefringence  exists  in  DAST  and  its  compensation  is 
necessary  before  used  as  EO  sensor;  3).  To  probe  the  THz-induccd 
refractive  index  change,  optical  probe  beam  should  polarize  at  45^ 
with  a  and  b  axis  of  DAST. 


IMPLEMENTATION  OF  DAST  AS  THZ  WAVE  SENSOR 
Phase  Matching  of  THz  and  Optical  Pulses  in  DAST 
Phase-matching  between  optical  and  THz  pulses  is  a  major  factor 
determining  the  efficiency  and  bandwidth  of  a  certain  EO  crystal. 
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hence  the  optimum  thickness  of  a  crystal  for  specific  applications. 
Coherence  length,[ll]  decided  by  phase  matching  condition,  provides 
a  very  important  reference  for  selecting  EO  crystals  and  their 
thickness: 


where  nopt,  nTH2  are  the  optical  and  THz  refractive  indexes, 
respectively.  Based  on  the  known  refractive  index  at  optical 
wavelength  and  the  obtained  dielectric  constants  at  THz  region,  we 
calculate  the  coherence  length  of  DAST  at  THz  frequency,  assuming 
an  optical  wavelength  of  800  nm  and  both  THz  beam  and  optical  beam 
have  the  same  polarization  in  either  aorb  axis.  The  result  is  shown  in 
Figure  2,  indicating  that  DAST  with  thickness  of  a  couple  hundred 
microns  is  suitable  for  EO  sampling  up  to  a  few  THz. 


Fig.  2:  Coherence  length  of  DAST  when  both  THz  pulse  and  optical 
pulse  have  the  same  polarization  at  a  and  b  axis. 

Birefringence  Compensation 

DAST  has  a  very  strong  birefringence  with  a  group  refractive  index  of 
ng,o-2.70  and  ng,i=1.89  at  a  wavelength  of  800  nm.[3]  After 
transmitting  a  c-cut  DAST  with  thickness  of  0.7  mm,  the  field 
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components  of  optical  pulse  at  a  and  b  axis  of  DAST  will  have  a  phase 
difference  of  713*271,  equivalent  to  1.9  ps.  Considering  the  pulse 
duration  of  100  fs  or  less  used  in  experiment,  optical  pulses  along  a 
and  h  axis  will  lose  coherence  after  transmission  of  0.7  mm  DAST. 
The  birefringence  cannot  be  compensated  by  a  compensator,  which 
usually  has  a  retardation  range  from  0  to  tt.  Therefore,  this  is  very 
different  from  isotropic  crystal  (such  as  ZnTe)  or  weakly  anisotropic 
crystal  (such  as  LiTa03),  of  which  the  phase-delay  of  components 
along  different  optical  axis  is  either  negligible  or  can  be  compensated 
by  a  compensator.  However,  to  monitor  the  small  phase-shift  between 
different  optical  axis  of  DAST  induced  by  applied  THz  pulse,  it  is 
necessary  to  compensate  the  time  shift  between  pulses  at  a  and  h  axis. 

Beam 


Pulse 


Fig.  3;  Schematic  experimental  setup.  QW:  quarter  waveplate:  WP: 

Wollaston  prism;  BS:  50-50  optical  beamsplitter. 

Figure  3  shows  the  experimental  setup  used  to  compensate  the 
birefringence.  Optical  probe  beam  goes  through  a  quarter  waveplate 
after  transmitting  a  c-cut  0.7-mm-thick  DAST  crystal.  The  beam  is 
then  reflected  back  by  a  mirror  and  goes  through  the  same  quarter 
waveplate  and  DAST  again.  The  quarter  waveplate  is  orientated  so 
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that  s  polarization  (forward  beam)  becomes  p  polarization  (backward 
beam)  and  vise  versa.  Because  each  component  goes  through  the  same 
DAST  twice  with  two  orthogonal  polarization  states,  they  have  the 
same  phase  delay  and  birefringence  is  exactly  cancelled.  The  temporal 
window  between  the  forward  and  backward  optical  probe  beam  is 
longer  than  the  THz  pulse  duration,  so  the  returned  optical  probe  pulse 
in  the  DAST  crystal  will  not  be  further  modulated  by  the  THz  pulse. 
A  Ti:Sapphire  laser  oscillator  with  100  fs  pulse  width  and  1.5  W 
average  power  is  used  in  this  experiment.  THz  pulse  generated  by 
optical  rectification  in  a  1-mm  ZnTe  is  applied  along  a  axis  of  DAST 
crystal  and  synchronized  with  the  optical  probe  pulse  when  it  passes 
the  DAST.  The  probe  beam  is  polarized  at  45“  from  a  axis.  After  the 
intrinsic  birefringence  is  compensated,  it  is  biased  by  another  quarter 
waveplate  to  get  linear  response.  Assuming  good  phase-matching,  the 
balanced  current  is  given  by: 

A///o  =  AT  X  (6) 

where  rjj  are  the  corresponding  components  of  the  EO  tensor,  L  is  the 
effective  crystal  thickness  and  \  is  optical  wavelength. 

Experimental  Results  and  Discussions 

Fig.  4  shows  the  THz  waveform  measured  with  the  DAST  sensor, 
along  with  result  obtained  using  a  0.5-mm  ZnTe  sensor.  The 
amplitudes,  waveforms  and  spectra  are  all  comparable.  Since  ZnTe 
has  been  known  as  an  ideal  THz  sensor  at  less  than  4  THz,  we 
conclude  that  DAST  is  indeed  a  good  EO  sensor  up  to  the  frequency 
detected.  From  the  known  EO  coefficients,  the  THz  amplitude  from 
DAST  should  be  several  times  larger  than  that  of  ZnTe.  We  attribute 
the  deviation  from  theory  to  the  imperfection  of  optical  quality  of 
DAST,  such  as  unflatness,  inhomogeneity,  misorientation  and 
imperfect  surface  condition.  These  make  it  difficult  to  cancel  the 
birefringence  exactly.  Hence,  the  bias  point  is  not  optimized. 
Moreover,  intense  laser  beam  can  cause  photorefractive  effect,  even 
melting  of  DAST.  We  also  notice  apparent  difference  from  sample  to 
sample.  Nevertheless,  this  technique  has  some  very  attractive  features. 
In  addition  to  the  total  cancellation  of  intrinsic  birefringence,  local 
effects,  such  as  thermal -induced  birefringence  in  the  crystal,  can  also 
be  compensated.  Furthermore,  it  can  be  applied  to  any  other  EO 
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crystal  with  intrinsic  birefringence,  such  as  LiNbOa.  LiTa03.  Thus,  it 
provides  a  simple  method  for  the  THz  application  of  EO  materials 
with  high  Pockels  coefficients  and  intrinsic  birefringence. 


Fig.  4:  THz  waveforms  obtained  using  DAST  and  ZnTe  as  EO 
sensors. 


DAST  AS  HIGH-FREQUENCY  THZ  RADIATION  SOURCE 

With  the  development  of  THz  spectroscopy,  it  is  often  desirable  to 
perform  it  at  higher  frequency.  For  example,  phonon  dynamics  is  an 
interesting  phenomenon  and  occurs  at  around  10  THz  for  some  polar 
semiconductors.fi  7]  DAST  has  been  demonstrated  as  an  excellent 
emitter  at  less  than  3  THz.[4]  Here,  a  Ti:Sapphire  oscillator  with  15-fs 
pulse  is  used  to  generate  high  frequency  THz  radiation,  the  setup  is 
similar  to  that  used  in  Ref  12.  Fig.  5  illustrates  the  THz  pulse 
generated  by  optical  rectification  in  a  100-pm  DAST  crystal  with 
observable  bandwidth  up  to  over  20  THz.  It  shows  a  dramatic  six-fold 
increase  of  amplitude  comparing  with  that  of  a  30-pm  ZnTe  sample  at 
the  same  condition,  corresponding  to  36  times  enhancement  of  high- 
frequency  THz  power,  Since  the  coherence  length  of  ZnTe  is  less  than 
30  pm  for  frequency  region  of  7-20  THz,[12]  thicker  ZnTe  crystal  will 
not  increase  the  amplitude  of  the  spectrum. 
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Fig.  5:  Experimental  THz  pulse  from  a  100-pm  DAST  emitter, 

showing  a  six-fold  increase  of  amplitude  comparing  with  that 
of  a  30-|jim  ZnTe  sample.  Inset:  their  spectra. 


CONCLUSIONS 

In  conclusion,  we  have  resolved  the  resonant  structures  of  DAST  and 
fitted  the  complex  dielectric  constant  by  oscillator  model  at  THz 
frequency.  DAST  as  an  ultrafast  EO  sensor  at  THz  frequency  has  been 
demonstrated  by  employing  a  novel  scheme  for  the  first  time.  This 
extends  the  frequency  response  of  DAST  from  GHz  to  THz  and  opens 
the  door  for  its  applications  in  high  frequency  EO  waveguide 
modulator  and  other  ultrafast  EO  devices  at  THz  frequency  region. 
Furthermore,  this  method  can  be  applied  to  other  EO  crystals  with 
intrinsic  birefringence.  At  last,  DAST  has  been  shown  to  support 
bandwidth  up  to  20  THz  as  a  THz  emitter,  demonstrates  36  times 
enhancement  of  radiation  at  7-  20  THz,  comparing  with  our  best  ZnTe. 
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The  theoretical  study  of  two-photon  absorption  (TPA)  properties  of 
polyphenyls  (with  the  number  of  benzene  monomer  units  n=  1  to  6)  is 
related  to  cooperative  effects  between  monomers.  These  effects  lead  to  an 
increase  of  the  TPA  cross-section  with  «  without  satuaration  according  to  a 
power  law. 


Keywords  Two-photon  absorption;  polyphenyls;  CNDO/S  calculations. 


INTRODUCTION 

Two-photon  absorption  (TPA)  properties  of  organic  compounds  are  being 
involved  in  many  applications  [1].  New  organic  molecules  are  being 
optimized  for  these  applications  [2].  In  general,  the  selected  molecules 
result  from  a  molecular  engineering  strategy  that  study  the  role  of 
substituents  and  delocalized  electron  core  on  the  two-photon  absorption  of 
substituted  molecules  [3-4].  Recently,  the  TPA  properties  of  polyene 
oligomers  have  been  investigated,  and  a  strong  correlation  between  their 
TPA  and  their  lengths  has  been  established  [5]. 

The  purpose  of  this  work  is  to  evaluate  the  interest  of  this  oligomer 
approach  as  a  new  strategy  to  optimize  molecules  for  TPA  effects.  Here, 
we  report  on  TPA  properties  of  polyphenyls,  a  model  compound  for 
applications  at  visible  wavelengths.  We  use  CNDO/S  based  calculations  to 
investigate  the  changes  of  TPA  properties  with  the  oligomer  length.  All 
results  are  adequately  rationalized  using  the  three-level  model. 
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CALCULATIONS  METHOD 

The  molecule  geometry  was  optimized  by  using  Sybyl.  i.c.  Tripos  force 
field  and  AMI  from  the  MOPAC  package  [6]  ;  the  selected  geometry 
corresponds  to  the  lowest  energy.  For  each  molecule,  the  electronic  state 
characteristics,  i.e.  singlet  state  energies,  and  dipole  moments,  were 
obtained  by  a  configuration  interaction  (Cl)  procedure  based  on  the 
CNDO/S  method  using  the  QCPE  program  #333.  The  Cl  calculations 
included  100  singly  (SCI),  and  100  doubly  (DCI  )  excited  configurations. 

The  TPA  cross-section  is  proportional  to  the  imaginaiy'  part  of 
the  average  .second  hyperpolarizability; 

10  /rcf,, 

(r>  =  +  r„„  +  y,.-:  +  y„„  +  y„„  +  y„.,.  +  y,.,„  +  y.,,;  +  y.,.,. ) 

(2) 

The  tensor  components  )(jki  were  computed  using  Orr  and  Ward’s  equation 
based  on  the  time-dependent  perturbation  theory  [7].  TPA  spectra  were 
evaluated  by  using  the  parameters  of  the  19  lowest  excited  states  to  obtain 

a  good  convergence  of  Gjpa  values  [4],  The  damping  factors  Twere  tiiken 

to  be  1000  cm"’  for  all  states,  and  the  refractive  index  was  assumed  to 
be  1 . 

Results  were  interpreted  on  the  basis  of  the  three-level  model 
(Eq.(3)): 


yoc 


(£o,-^r 


(3) 


where  ;Uoi,  and  jU|2,  are  the  transition  moment  between  the  ground  stale  5o 
and  the  lowest  charge  transfer  excited-state  5i,  and  the  transition  moment 
between  S|  and  the  lowest  two-photon  excited  state  ,^2,  respectively.  Eoi 
and  E()2  are  the  energy  of  S|  and  St,  respectively.  [3] 


RESULTS 

The  TPA  cross-sections  CppA  of  polyphenyls  («  =  1  to  6,  with  n  the 
number  of  benzene  rings)  are  displayed  on  Table  1  with  the  positions  of 
the  TPA  band.  These  calculations  show  a  large  increase  of  (T]-pa  as  a 
function  of  /laccording  to  a  power  law  (Figure  1  and  Eq.  (4))  ; 
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=  1.1*10-*%!'"  (4) 


n 

Ajpa  (nm) 

IQ  A 

Otpa  (1  O'  cm  s/photon) 

2 

436 

p 

bo 

3 

469 

3.3 

4 

469 

6.1 

5 

487 

12.6 

6 

492 

20.9 

TABLE  1  Theoretical  two-photon  resonances  and  cross-sections 
of  polyphenyls  as  a  function  of  the  benzene  ring  number  n. 

No  saturation  effect  was  predicted  up  to  ai  =  6  in  good  agreement 
with  experimental  data  on  the  tetra  and  the  pentaphenyl  [8].  This  structure- 
nonlinearity  relation  is  consistent  with  previous  calculations  on  different 
hydrocarbon  oligomers,  such  as  polyenes  for  which  a  larger  dependency 

of  aTPA  was  found  with  L  with  a  ~  5-6 [5c]. 


FIGURE  1  Theoretical  two-photon  cross-sections  of  polyphenyls  as  a 
function  of  the  benzene  ring  number  n. 

The  increase  of  ctj-pa  values  with  n  occurs  with  a  red  shift  of  the 
first  absorption  and  of  the  Otpa  bands  (Table  1  and  Figure  2b). 
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DISCUSSION 

As  in  the  case  of  substituted  molecules  [3,4J,  all  these  results  can  be 
readily  interpreted  on  the  basis  of  the  three-level  model  (Eq.  (3)). 
Calculated  excited  state  energies  and  transition  dipole  moments  are 
displayed  in  Table  2.  Due  to  conjugation,  transition  energies  are  red- 
shifted,  and  transition  dipole  moments  increase  with  the  monomer 
number  n. 


n 

Aoi  (nm) 

Ao2(nm) 

(D) 

(D) 

2 

232 

219 

6.0 

9.0 

3 

266 

236 

8.5 

1 1.4 

4 

282 

238 

9.9 

12.0 

5 

297 

243 

11.6 

16.2 

6 

309 

247 

12.6 

18.3 

TABLE  2  Excited  states  parameters  of  polyphenyls. 


The  variations  of  each  parameter  P  describing  the  two-photon 
absorption  of  polyphenyls  in  the  three-level  model  can  be  described  by  a 

power  law  as  in  Eq.  4.  The  corresponding  powers  a  are  displayed  on 
Table  3. 
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p 

iUoi 

Pm 

a 

0.67 

0.64 

0.47 

TABLE  3  Power  dependency  a  of  parameters  describing  the  two- 
photon  absorption  of  polyphenyls  in  the  three-level  model  (Eq. 
(3)). 

Using  these  exponents  in  Eq.  (3),  one  finds  a  Ojpa  power 

dependency  a  -  3.5  in  good  agreement  with  the  power  a  -  3.0  obtained 
from  the  full  calculation.  Thus,  on  the  basis  of  the  three-level  model,  the 
enhancement  of  polyphenyls  TPA  can  be  rationalized  by  the  simultaneous 

increase  of  ground-state  transition  dipole  moment  jUf,,,  excited-state 

transition  dipole  moment  jUi,,  and  energy  resonances  with  the  number  n  of 
monomer  units. 

The  power  dependency  of  transition  dipole  moments,  i.e.  a  =  0.67 

and  a=0.64,  is  comparable  with  the  power  a  =  0.5  obtained  in  the  exciton 
model  for  linear  aggregates  [9].  The  difference  in  power  laws  could  be  due 
to  the  conjugation  that  occurs  between  monomers.  A  similar  aggregate 
behavior  has  been  previously  involved  to  modelized  the  red-shift  of  optical 
transitions  in  polyphenyls  [10].  Thus,  the  TPA  enhancement  with  the 
oligomer  size  may  be  viewed  as  the  result  of  cooperative  effects  in  the 
optical  response  of  monomers. 


CONCLUSION 

This  theoretical  study  shows  that  the  two-photon  absorption  cross-section 
of  polyphenyls  increases  with  the  number  of  monomer  units.  No 
saturation  is  predicted  at  least  up  to  n=6.  This  TPA  enhancement  follows  a 
power  law  that  results  from  cooperative  effects  between  monomers  on 
excited  state  characteristics. 
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Abstract  The  first-order  nonlinear  optical  (NLO)  hyperpolarizabilities  of 
two-dimensional  {2D)  Cs,-  multipolar  molecules  were  analyzed  theoretically  using 
additive  model,  in  which  the  0^^  tensor  was  dissected  into  an  additive  term 
and  an  interaction  term  0^ .  Within  the  irreducible  representation,  the  influence 
of  substituents  on  the  magnitudes  of  0^  and  0^  was  calculated  based  on  a 
CNDO/S  program  for  various  series  of  C21P  molecules.  The  results  showed  that, 
the  magnitude  of  0^  is  within  the  range  of  8  to  72%,  and  that  the  interactions 
are  relatively  larger  in  molecules  III  and  in  polyeno- multi  polar  molecules  V^. 

Keywords;  first-order  hyperpolarizabilities,  multipolar  molecules,  additive 
model,  irreducible  tensor 


INTRODUCTION 

Organic  molecular  materials  become  prominent  candidates  for  NLO  applications 
due  to  the  large  NLO  hyperpolarizabilities,  ultra  fast  NLO  responses,  low  di¬ 
electric  constants,  and  great  flexibility  for  design  and  for  molecular  engineer¬ 
ing  [1,2].  Until  now,  most  of  the  organic  molecules  developed  for  first-order 
NLO  applications  were  designed  as  dipolar  molecules,  in  which  the  7r-electron 
system  substituted  by  electron  donor  and  acceptor  groups  played  an  essential 
role.  Using  the  well-known  two-level  model,  the  first-order  NLO  properties  of 
the  rod-like  molecules  can  be  well  predicted.  The  0xxx  component  was  found  to 
be  dominant,  and  all  other  components  almost  vanished.  However,  this  approach 
limited  the  full  implementation  of  the  tensorial  nature  of  0,  and  led  to  strongly 
polarization  dependent  systems,  which  may  not  optimize  the  properties  for  some 
NLO  applications.  In  order  to  overcome  these  problems,  the  mtiltipole  concept 
was  recently  introduced  for  the  design  of  more  isotropic  NLO  chromophores  in 
which  the  tensorial  nature  of  0  could  be  fully  expressed  [3-6].  As  the  effects  of 
the  molecular  symmetry,  the  contribution  of  the  off-diagonal  components  of  0 
may  be  larger  than  the  diagonal  0xxx,  providing  a  new  design  of  NLO  molecular 
engineering. 
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'  II  til  IVn  Vr, 

FIGURE  1  Stnicturos  of  C2,-  molorulos  and  thnir  parents.  For  moloonies 
II  and  III,  A'  is  the  acceptors  NO2  or  CN,  1'  is  the  donors  NH2,  or  N(Me)2; 
while  for  molecules  V^,  A',  )'  are  the  donors  OMe  or  SMe. 


FIGURE  2  Decomposition  of  a  C2,,  molecule  III  into  its  parents,  where 
the  rotation  angles  9  of  the  ID  units  with  respect  to  the  x  coordinate  axis 
arc  ±30®. 


Conversely  to  the  molecular  engineering  of  dipolar  systems,  the  prediction 
and  understanding  of  NLO  hyperpolarizabilities  in  multipolar  system  is  more 
complex.  In  a  recent  paper,  the  additive  model  was  introduced  to  explain  the 
NLO  properties  of  octupolar  systems  [7].  This  model  allow'S  to  evaluate  the 
different  contributions  of  hyperpolarizabilities  to  2D  molecules  from  the 
constituted  ID  units,  with  the  relationship  =  i3^  +  0^ ,  in  w'hich  0-^  is 
denoted  as  the  additive  term  and  0^  the  interaction  term.  In  this  paper,  we 
have  extended  this  model  to  analyze  more  general  multipolar  C2V  molecules,  as 
shown  in  Figure  1,  where  0j~i  is  not  vanished.  Our  purpose  is  to  establish  the 
relationship  between  the  0“^^  and  0^^,  and  to  obtain  the  guidelines  of  predicting 
the  relative  first-order  NLO  properties  for  multipolar  molecules  from  the  NLO 
properties  of  ID  parents. 

TENSORIAL  ANALYSIS  FOR  C2,,  MOLECULES 

According  to  the  additive  model,  we  can  decompose  a  C21.  molecule  into  two  ID 
units,  each  of  which  has  a  rotation  angle  ±60®(for  II  or  V^),  ±30®(for  III)  with 
respect  to  the  x  coordinate  axis,  as  shown  in  Figure  2.  The  tensorial  rotation 
technique  is  employed  to  derive  the  expressions  of  0^  for  C2,  molecules,  the 
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additive  term  can  be  expressed  as  l3‘j  ~  ''^^ere  0  is  denoted 

as  the  rotation  angle  between  x  coordinate  axis  of  ID  unit  and  that  of  the 

2D  molecule,  and  the  summation  takes  over  all  ID  units  [C].  For  the  case  of 

nonresonant  NLO  interactions,  wc  have  0  =  /ij=i  +  0j-ii  thus; 

=  0^j^,[cos9  +  c.os{-B)]  =  (1) 

=  ^;,£3[cos30  +  cos(-3^)]  =  (2) 

where  A,  B  are  denoted  as  numeric  coefficients.  For  the  molectiles  II  or  V„, 
A  =  1,  D  =  —2;  while  for  molecules  III,  A  =  \/3,  J5  =  0.  Introducing  the 
expressions  of  0j-\  and  0j--^  in  the  irreducible  representation  [6],  we  obtain: 

+  0\^y)e^.  +  {0%  +  {e-x  ®  eg;  Cy)  (3) 

where  and  are  the  unit  vectors  of  Cartesian  coordinate  axes.  The  x  coor¬ 

dinate  axis  is  set  along  the  two-fold  symmetric  axis  for  all  the  C2!,'  molecules(II, 
III  and  Vn)  in  the  calculation  of  0ijk.,  while  it  is  set  along  the  direction  from 
donor  to  acceptor  for  the  ID  parents(I  and  IVn).  From  the  relationship  of 
-i-  |l/3j_3l|",  we  obtain  the  norm  of  the  additive  term  from 

Eqs.  (3)  and  (4): 

+  +  +0'' 

+8^01^  -  30lf,f  +  e\0l^y  -  (5) 

The  interaction  term  j[/3^|l  is  defined  as  0^  =  0'^^~0^,  reflecting  the  interactions 
such  as  charge  transfer  or  Coulombic  between  ID  units.  It  can  be  expressed  as: 

3j=,  =  \{Wl^,  +  8V^,)-A(0\^„  +  0Z)V., 

+l(0l!^y  +  0m)  -  M0l%  +  0m)\ey](ez  ®  e,  +  e,  (S  e,}  (6) 

0J=:i  —  -  3/?xfy)  -  ^i0xxx  ~  ^0m)\^i  i^'X  ^^x  —  Cy) 

+H0Z  -  ^0l?,)  -  3  (Cy  «  ej  -  3e.  ®  e,)]](7) 

Similarly,  from  the  relationship  !|/I^iP  =  ||/3j_,  |p-f-||/3j^3lP,  we  obtain  the  norm 
of  the  interaction  term: 

llfl'il”  =  \{\i0l'ix+0l'^y)-A{0'x^x  +  all)?  +  Wll+0m) 

+[(/j“,  -  zei-iy)  -  B(0\^y  -  3/?if„)l^} 


(8) 
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The  expressions  of  ||/3''')|  and  given  in  Efis.  (5)  and  (8)  are  applicable  for 
general  2D  molecules  other  than  €2,  svmmetrv  bv  varying  the  coefficients  A  and 
B. 

TABLE  1  The  static  first-order  NLO  hvperpolarizabilities  3ij^.  (unit: 
10"^®  esu)  for  ID  molecules. 


■  0^^^  ' 

3^^ 

^  vvy 

^TD- 

X=N02,  Y=NH2 

I 

-9.8 

0 

0 

1.8 

X=N02,  Y=N(Me)2 

I 

-11.3 

0 

0 

1.6 

X=CN,  Y=Nn2 

I 

-4.8 

0 

0 

0.6 

X=CN,  Y=\(Me)2 

I 

-10.3 

0 

0 

0.8 

X=OMe 

IVi 

-18.4 

-0.8 

-0.9 

0.3 

Y=OMe 

IV2 

-28.1 

-3.G 

-0.6 

0.2 

IV3 

-38.C 

-6.9 

-0.7 

-0.6 

IV., 

-48.7 

-10.9 

-1.1 

-1.9 

X=SMe 

IV, 

-29.7 

-1.3 

-1.2 

-0.2 

Y=OMe 

IV2 

-44.5 

-4.5 

-1.1 

0.2 

IV3 

-59.2 

-8.6 

-1.6 

-0.7 

IV, 

-70.9 

-13.5 

-1.3 

-2.3 

X=OMe 

IV, 

-IG.O 

-1.5 

-2.2 

-0.5 

Y=SMe 

IVo 

-24.5 

-3.9 

-1.9 

0.8 

IV;, 

-33.7 

-6.8 

-2.2 

1.7 

IV4 

-43.9 

-10.6 

-3.0 

-3.6 

X=SMe 

IV, 

-23.9 

2.9 

3.2 

-1.9 

Y=SMe 

IV2 

-35.0 

6.2 

3.3 

-1.9 

IV;, 

-47.4 

11.6 

3.9 

-3.6 

IV, 

-78.2 

15.3 

4.3 

-4.0 

RESULTS  AND  DISCUSSION 

The  method  of  molecular  geometry  optimization  is  based  on  the  SYBYL  soft¬ 
ware  (from  Tripos,  USA),  in  which  the  MOPAC  package  and  semi-empirical 
AM1/PM3  interface  quantum  calculation  method  arc  included  [7],  All  the  first- 
order  NLO  hvperpolarizabilities  were  calctilated  by  a  CNDO/S  program  as 
described  in  B.ef.  [8].  The  values  of  static  0ijf;  for  ID  and  2D  molecules  are 
collected  in  Table  1  and  Table  2.  From  Eqs.  (5)  and  (8),  the  corresponding  mag¬ 
nitudes  of  the  additive  terms  ||;9'^!l  and  the  interaction  terms  |j/?^  |  j  were  obtained 
for  C2,,.  molecules  II,  III  and  Vn,  as  shown  in  Table  2.  In  good  agreement  with 
the  symmetry  properties  of  various  molecules,  the  off-diagonal  components 

and  0l^y  are  relatively  much  smaller  than  3]^^  for  ID  molecules  I  and  IV^; 
while  for  the  C2,.  molecules,  the  B'lyy  components  generally  predominant  with 
respect  to  01^^.  The  structure  II  leads  to  higher  magnitude  of  0-^  than  that  of 
structure  III  whatever  the  acceptor  groupsfNOo  or  CN). 

From  Table  2,  we  note  that  the  ||i3^||  of  molecules  III  are  generally  larger 
than  the  corresponding  molecules  II.  Furthermore,  ||/?^1|  increases  monotonically 
with  the  number  of  double  bonds  for  each  of  the  polyeno-multipolar  series  Vn . 
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An  example  of  the  variations  of  the  magnitude  and  direction  of  0^  in  irreducible 
.7=1  and  J  =  3  space  with  the  double  bond  n  are  illustrated  in  Figure  3. 
For  all  the  molecules  II  and  III,  the  value  of  |)/?*1!/1!/3'^11  is  within  the  range  of 
8-72%;  while  for  molecules  V„  the  range  is  within  16-52%.  These  percentages 
for  the  Cat'  molecules  are  larger  than  that  of  the  related  octupolar  Cs/i  molecules 
in  Ref.  [7],  where  the  ||/7‘||/|[/?^1|  is  20-30%. 

TABLE  2  The  static  first-order  NLO  hyperpolarizabilities  0jk  (unit: 
10”^®  esu)  for  2D  C2f  molecules,  where  \\0^\\  and  ||;9^!|  are  the 

magnitudes  of  the  2D  molecules,  of  the  additive  term  and  of  the  interaction 
term  respectively,  A  = 


^xxx 

gzU 

ii/j'ii 

A(%) 

X=N02 

II 

2.6 

-9.0 

15.8 

16.7 

1.4 

8 

Y=NH2 

III 

-6.7 

1.0 

6.2 

12.0 

8.6 

72 

X=N02 

II 

-0.8 

-9.8 

17.0 

18.2 

2.0 

11 

Y=N(Me)2 

III 

-4.5 

-4.3 

8.6 

14.5 

8.1 

56 

X=CN 

II 

1.7 

-6.7 

11.7 

7.5 

4.4 

59 

Y=NH2 

III 

-4.3 

-2.3 

5.9 

6.3 

1.4 

22 

X=CN 

II 

0.8 

-9.5 

16.5 

15.1 

2.0 

13 

Y=N(Me)2 

III 

-7.5 

-4.0 

10.2 

14.2 

4.8 

34 

X=OMe 

V: 

-1.3 

-12.9 

22.4 

25.0 

4.0 

16 

Y=OMe 

V2 

-1.5 

-19.2 

33.3 

39.0 

12.5 

32 

V3 

-1.3 

-28.4 

49.2 

54.3 

23.2 

43 

V4 

-14.8 

-34.6 

61.7 

69.8 

33.3 

48 

X=SMe 

Vi 

-3.8 

-25.0 

43.5 

39.1 

7.4 

19 

Y=OMe 

V2 

-5.9 

-42.3 

73.5 

60.7 

20.6 

34 

V3 

-7.7 

-53.5 

93.0 

81.3 

32.2 

40 

V4 

-9.3 

-66.3 

115.2 

99.1 

51.5 

52 

X=OMe 

Vi 

-2.7 

-8.6 

15.1 

20.7 

6.7 

32 

Y=SMe 

V2 

-10.3 

-14.7 

27.5 

35.6 

14.9 

42 

V3 

-14.8 

-19.0 

36.1 

51.6 

26.6 

52 

V4 

-22.6 

-24.6 

48.2 

61.3 

32.0 

52 

X=SMe 

Vi 

-9.1 

-13.3 

24.8 

29.8 

8.6 

29 

Y=SMe 

V2 

-17.0 

-25.2 

46.8 

46.7 

18.0 

39 

V3 

-33.0 

-36.6 

71.5 

66.5 

37.4 

56 

V4 

-53.0 

-56.1 

110.7 

107.1 

51.3 

48 

In  summary,  we  provided  a  comprehensive  analysis  of  the  first-order  NLO 
hyperpolarizabilities  for  multipolar  C2,;  molecules  using  an  additive  model  based 
on  CNDO/S  calculations.  We  derived  the  expressions  of  |1/?'^11  and  ||/3^j|  which 
is  applicable  to  general  2D  molecules.  Different  substituents  were  introduced  to 
check  the  variations  of  !!/3^1|  and  It  was  found  that,  lt/3'^||/||/?'^ll  is  within 

the  range  of  8-72%,  and  that  the  interactions  are  relatively  larger  in  molecules 
III  and  in  polyeno-multipolar  molecules  V„. 
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FIGURE  3 
term  /3''(unit; 


-x(x^+y^  x(x^^ 

Variations  of  the  magnitude  and  direction  of  the  interaction 
10“^^  esu)  with  the  double  bond  Ji  in  irreducible  represen¬ 


tation,  for  the  polyeno-multipolar  molecules  V,i  with  A"  5'  =OMo.  (a) 


.7=1  space;  (b).  .7  =  3  space. 
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In  this  work,  we  have  developed  a  molecular  engineering  strategy  around  the 
diaminobiphenyl  1  in  order  to  design  efficient  nonlinear  absorbers  for 
optical  limiting  application  in  the  visible  range.  Based  on  a  photophysics 
engineering  strategy,  a  significant  improvement  of  efficiency  is  obtained  by 
influencing  the  excited  state  dynamics.  The  role  of  the  planarity  of  the 
conjugated  system  was  also  studied. 


Keywords  Optical  limiting  ;  biphenyls 


INTRODUCTION 


The  development  of  high  power  tunable  lasers  couldn’t  be  viewed  without 
the  performing  of  an  efficient  protection  of  vision  sensors  against  damaged 
caused  by  an  intense  radiation.  Optical  devices  limiting  the  laser 
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transmission  fluence  below  the  damage  threshold  at  the  sensor  entrance 
permit  to  satisfy  the  above  request  [1],  Among  the  different  phenomena 
which  can  be  used,  nonlinear  absorption  in  organic  materials  initiated  by  a 
two-photon  absorption  step  (TPA)  followed  by  an  excited  state  absorption 
step  (ESA)  appears  as  a  promising  limiting  process  [2-6],  in  the  case  of  a 
Si~S„  singlet  transition  and  of  an  excited  state  relaxation  faster  than  the  laser 
pulse  duration,  the  three  photon  absorption  coefficient  a,  resulting  from 
this  two  steps  process  can  be  described  by  the  following  equation  [7]  : 


or, 


V  2{t,(0)- 


(1) 


where  N/l^  is  the  concentration,  cr,/,,.  the  two-photon  absorption  cross- 
scction,  fT/„,  the  Sj-S^  absorption  cross-section.  Tj,  the  lifetime  of  the  state 
Sj  and  /,  the  local  field  factor.  The  optimization  of  requires  the 
simultaneous  optimization  of  all  the  parameters  involved  in  Eq.  (1). 

From  the  tetraphcnyl  diamine  (TPD)  type  dye  1.  which  is  already 
known  for  its  promising  properties  for  optical  limiting  in  the  visible  range  at 
the  nanosecond  regime  [2],  we  developed  a  molecular  engineenng  strategy 
based  on  both  following  directions  :  (i)  influence  of  the  conjugated  system 
on  the  nonlinear  absorption  properties,  (ii)  role  of  the  dynamics  of  the 
excited  state  on  these  properties.  This  was  carried  out  respectively  by  the 
comparison  of  three-photon  absorption  (3-PA)  properties  of  the  molecule  1 
with  those  of  4  and  5,  which  bear  the  same  donor  group  and  differ  by  the 
charge  transfer  system  (biphenyl  v.v  fluoren  or  phenanthrene),  and  by  the 
comparison  of  1  with  2  and  3,  in  which  the  roto-vibrational  relaxation  paths 
may  be  reduced  (Figure  1 ). 
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FIGURE  1  Molecular  structures  of  studied  systems 


EXPERIMENT 


The  three-photon  absorption  coefficient  a,  was  measured  from  nonlinear 
transmission  experiments  using  a  collimated  laser  beam  from  a  nanosecond 
optical  parametric  oscillator  (OPO)  pumped  with  the  third  harmonic  of  a 
Nd;YAG  laser.  The  experimental  setup  was  described  elsewhere  [8]. 


RESULTS 
Linear  absorption 

The  linear  absorption  spectra  of  compounds  1-5  show  a  strong  UV 
transition  satisfying  our  specification  of  linear  transparency  in  the  visible 
range  ~  420  nm).  A  red  shift  is  observed  for  molecules  4  and  5  with 

respect  to  1  =  374  nm  /  374  nm  wv  ”  352  nm  respectively) 

(Table  1).  This  bathochromic  effect  is  in  good  agreement  with  previous 
theoretical  data  [9].  As  expected,  the  methyl  substitution  in  2  induces  no 
perturbation  on  the  conjugated  system  charge  transfer  with  respect  to  1, 
while  the  molecule  3  presents  a  linear  absorption  shifted  towards  the  blue 
range  with  respect  to  1 . 
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Molecule 

K,  (nm] 

1  A,  p.,  (nm) 

1  aT"  (cm'^  GW“) 

. (cm-  GW') 

1 

352 

535 

4000  (265  g/1) 

3000 

2 

350 

535-585 

9000-6000  (265  g/1) 

7000-4500 

3 

320 

400-600 

1000-200(30  g/1) 

7000-1700 

4 

374 

500  (s) 

3000(100g/l) 

6000 

5 

365 

475-615 

1400-600(100  g/1) 

2800- 1 200 

TABLE  I  Experimental  data  for  1-5  molecules  :  (a)  linear 
absorption  wavelength;  (b)  3-PA  wavelength  ;  (c)  «r"3-PA 

coefficient  at  measurement  concentration  ;  (d)  a"''"'  normalized  3-PA 
coefficient  at  200  g/1. 

Nonlinear  absorption 

All  molecules  1-5  display  similar  broadband  3-PA  spectra  covering  the 
visible  range.  Values  of  the  3-PA  coefficient  arc  summarized  on  Table  1 
(maximum  amplitudes  reach  2000-7000  cm^  GW^  for  concentration  of  200 
g/1).  The  position  and  the  magnitude  of  the  resonance  is  sensitive  to  the 
nature  of  the  molecule  (Figure  2).  Data  must  be  discussed  in  regard  to  the 
structural  modifications  of  each  molecule  with  re.spect  to  1. 


DISCUSSION 


Influence  of  the  Excited  State  Properties 

This  effect  can  be  seen  from  the  properties  comparison  of  I  with  those  of  2 
and  3. 

Molecules  1  and  2  present  a  similar  linear  absorption  band  centered  around 
350  nm,  while  that  of  3  is  shifted  towards  blue  at  320  nm.  A  global 
enhancement  of  values  is  obser\'cd  for  2  and  3  with  a  shift  of  the  3-PA 
spectrum  of  3  towards  blue  range  ;  the  other  main  difference  in  2  and  3 
3-PA  spectra  is  the  narrow-ness  of  the  bands.  These  effects  were  previously 
explained  for  2  by  a  hindered  rotation  of  peripherial  rings  due  to  the 
presence  of  the  methyl  groups  [10] ;  this  interpretation  was  checked  by  S|- 
Skj  absorption  spectroscopy  and  by  the  increase  of  the  excited  state  lifetime 
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for  2.  The  carbazole  function  in  3  induces  a  similar  effect  on  3-PA  spectra 
than  the  methyl  groups  in  2,  with  a  shift  of  the  bands  due  to  a  more 
efficient  charge  transfer  phenomenon  in  2  arising  from  the  presence  of  the 
methoxy  groups. 
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8000  - 
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r*'i  4000  - 
£ 
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2000  - 
1000  - 
On . 


Wavelength  (ran) 


-  1 
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A  5 


450  475  SX)  5S 


575  eOO  625  660 

Wa/elength  (nm) 

FIGURE  2  Normalized  nonlinear  absorption  spectra  of  (a)  1-3  ;  (b) 
1,4,5. 


Influence  of  the  Charge  Transfer 

This  can  be  seen  from  the  data  comparison  of  1  with  those  of  4  and  5. 
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The  quasi-plaiiariiy  of  molecules  4  and  5  induces  an  increase  of  the 
conjugation  with  respect  to  that  of  1  [II]  even  Ihougii  in  5  the  conjugalcd 
system  is  very  different  from  that  of  tluorene  4,  since  electrons  are 
delocali/cd  over  the  three  benzene  rings  ;  this  effect  is  reflected  by  the  red 
shift  of  tlic  linear  absorption  for  these  molecules  with  respect  to  1. 

Unexpectedly,  the  effect  of  the  planarity  on  the  optical  limiting 
properties  leads  to  a  shift  of  the  3-PA  spectrum  of  4  towards  the  blue  range 
with  an  increase  of  the  magnitude  of  (x^  ;  in  the  case  of  the  molecule  5,  no 
great  difference  is  observed  with  respect  to  1  for  3-PA  properties,  except 
sharper  peaks. 

Here,  we  have  studied  the  3-PA  properties  of  compounds  because 
of  tile  immediate  interest  of  nano.secondc  time  regime  for  optical  limiting 
applications.  For  a  belter  understanding  these  3-PA  spectra  should  be 
interpreted  in  the  light  of  TPA  and  ESA  spectra,  since  3-PA  spectra  result 
from  the  product  of  the  TPA  and  the  ESA  (Eq.  {!)).  These  measurements 
are  now  in  progress. 


CONCUUSION 

In  this  paper,  wc  developed  a  molecular  engineering  strategy  to  improve  the 
optical  limiting  properties  of  1;  (i)  the  optimization  of  the  excited  states 
dynamics  by  modifications  of  the  peripheral  benzene  rings,  (ii)  the 
optimization  of  the  conjugation  by  increasing  the  planarity  of  the  molecule. 

In  the  first  case,  the  enhancement  of  the  optical  limiting  properties 
could  be  readily  interpreted  in  terms  of  an  hindrance  of  the  pheripherial 
benzene  ring  rotation.  In  the  .second  case,  even  though  the  (Xy  coefficient 
.seems  to  increa.se  in  the  lluorene  4,  optical  limiting  properties  were  not 
improved,  as  expected,  by  a  shift  of  the  nonlinear  ab.sorption  properties 
into  the  visible  range. 


MOLECULAR  ENGINEERING  FOR  OPTICAL  LIMITING 


151 


Acknowledgments 

We  arc  grateful  to  the  Delegation  Generale  dc  rArmement  (DGA)  for 
llnanciul  support.  We  also  thank  the  Groupement  de  Recherche  (GDR) 
“  Materiaux  et  Fonctions  de  I'Optiqiic  Non  Lineaire  ”  for  a  fellowship  for 
R.A. 

References 

[1]  L.W.  Tutt,  T.  F.  Boggess,  Prog.  Quant  Elcctr..  17,  299  (1993) 

[2]  .!.E.  Ehrlich,  X.-L.  Wu,  I.-Y.S.  Lee,  Z.-Y.  Hu,  H.  Rdckcl,  S.R.  Marder, 

J. W.  Perry,  Opt.  Ixtt.,  22,  1843  (1997) 

[3]  M.  Albota;  D.  Beljonne;  .l.-L.  Bredas;  J.E.  Ehrlich;  .l.-Y.  Fu;  A. A. 
Heikal,  S.E.  Hess;  T.  Kogej;  M.D.  Levin;  S.R.  Marder;  D.  McCord- 
Maughon;  J.W.  Perry,  H.  Rockel;  M.  Runii;  G.  Subramaniam;  W.W.  Webb, 
X.-L.  Wii;  C.  Xu,  Science,  281,  1653  (1998) 

[4]  J.W.  Perry,  S.  Barlow,  J.E.  Ehrlich,  A. A.  Hcikal,Z.-Y.  Hu,  l.-Y.S.  Lee, 

K.  Mansour,  S.R.  Marder,  H.  Rockel,  M.  Rumi,  S.  Thayumanavan,  X.-L. 
Wii.  Nonlinear  Ontics,  21,  225  (1999) 

[5]  P.-A.  Chollet,  V.  Dumarcher,  J.-M.  Nunzi,  P.  Feneyrou,  P  Baldcck, 
Nonlinear  Optics.  21,  299  (1999) 

[6]  C.  Nguefack,  T.  Zabulon,  R.  Ancinian,  C.  Andraud,  A.  Collet,  S.  Top9u, 
P.L.  Baldeck,  Nonlinear  Optics,  21,  309  (1999) 

[7]  P.L.  Baldeck,  Y.  Morel,  C.  Andraud,  J.-F.  Nicoud,  A.  Ibanez,  Photonics 
Science  News,  4,  5  ( 1 999) 

[8]  P.-A.  Chollet,  V.  Dumarcher,  J.-M.  Nunzi,  P.  Feneyrou,  P  Baldeck, 
Nonlinear  Ontic.s.  2 1 , 299  ( 1 999). 

[9]  C.  Andraud,  R.  Anemian,  A.  Collet,  J.-M.  Nunzi,  Y. Morel  ,  P.  L. 
Baldeck.  J.  Opt.  A  :  Pure  and  Applied  Optics  ,4  (July  2000,  in  press). 

[10]  B.  Paci,  J.-M.  Nunzi,  R.  Anemian,  C.  Andraud,  A.  Collet,  Y.Morel  ,  P. 
I..  Baldeck,  J.  Opt.  A  :  Pure  and  Applied  Optics  ,4  (July  2000,  in  press). 

[  1 1  ]  A  torsional  angle  of  55“  was  calculated  for  1. 


Nonlinear  Optics,  2000,  Vol.  25,  pp.  153-158 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  2000  OPA  (Overseas  Publishers  Association)  N.V. 

Published  by  license  under 
the  Gordon  and  Breach  Science 
Publishers  imprint. 
Printed  in  Malaysia. 


Theoretical  investigation  of  the  nonlinear  circular  dichroism  in  a 
liquid  of  chiral  molecules 


F.  Hache,  M.  C.  Schanne-Klein,  H.  Mesnil 
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Introducing  nmlocal  effects  such  as  magnetic  dipolar  and  electric  quadrupolar  ones  in 
the  time-dependent  perturbation  theory,  we  analyze  the  signature  of  optical  activity  in 
the  nonlinear  response  of  a  liquid  of  chiral  molecules.  In  particular,  we  show  that  such 
a  liquid  should  display  a  nonlinear  circular  dichroism.  Expressions  for  a  three-level 
system  are  given. 


Keywords  :  Chiral  molecules;  optical  activity;  nonlinear  optics. 


INTRODUCTION 

Liquids  of  chiral  molecules  have  been  investigated  by  optical  methods 
for  a  long  time,  but  only  recently  with  techniques  of  nonlinear  optics. 
Second-order  processes  (surface  second  harmonic  generation)  has  been 
demonstrated  [1,2],  but  third-order  ones  have  not  been  studied  yet.  In 
this  paper,  we  investigate  such  effects  theoretically.  In  the  next  section, 
we  extend  the  linear  constitutive  relations  to  the  nonlinear  regime  and 
then  apply  the  results  to  the  special  case  of  a  two-level  system.  In  the 
last  section,  we  calculate  the  nonlinear  circular  dichroism  (difference  of 
absorption  for  a  right  and  a  left-circularly  polarized  light)  that  exists  in 
liquids  of  chiral  molecules  described  by  a  three-level  system. 


LINEAR  AND  NONLINEAR  OPTICAL  ACTIVITY 

Linear  optical  activity  of  an  isotropic  ensemble  of  chiral  molecules  is 
usually  described  in  a  phenomenological  approach,  by  introducing 


153 


154 


F.  HACHE  et  al. 


nonlocal  contributions  to  the  constitutive  relations  that  connect  the 
electric  dipole  p  and  the  magnetic  one  m  to  the  electric  and  magnetic 
fields  [3]: 

H  =  aE  -  pB  ;  m  =yE  (1) 

Another  possibility  is  to  introduce  electric  and  magnetic 
susceptibilities  in  the  frequency  domain  and  to  write  the  electric 
polarization  and  the  magnetization  as: 

P  =  +  (2) 

The  superscript  ^  or  m  in  the  susceptibilities  correspond  to  the 
occurrence  of  electric  or  magnetic  fields  in  the  processes.  Connections 
of  eqs  (1)  and  (2)  is  straightforward  by  using  the  relation  E  =  -icoE. 
From  the  quantum  expressions  of  and  x"’^  [4],  it  is  easy  to  check  the 
well-known  relation  p  =  y.  One  should  note  that  in  eqs  (1)  and  (2),  no 
electric  quadrupolar  effect  was  taken  into  account.  Such  efi'ects 
correspond  to  the  same  nonlocal  approximation  as  magnetic  terms, 
however,  they  are  known  to  cancel  out  in  an  isotropic  medium  such  as  a 
liquid  and  don't  contribute  to  the  linear  optical  activity  [4]. 

One  can  now  wonder  what  happens  when  one  considers  the 
third-order  nonlinear  response  (Kerr  effect).  In  the  local  approximation, 
only  the  electric  fields  contribute  and  one  has  an  extra  nonlinear 
polarization  that  reads: 

P’"'- =X“”:EE‘E  (3) 

When  only  one  linearly-polarized  light  beam  is  present,  one 
usually  gathers  EE  in  a  term  proportional  to  the  light  intensity  1  and 
replaces  a  by  ao  +  a2l  in  eq.  (1 ) 

What  about  the  nonlocal  contributions,  responsible  for  the 
optical  activity  ?  Considering  those  connected  to  the  magnetic  effects  to 
the  first  order,  one  must  introduce  extra  contributions  to  the  nonlinear 
polarization: 


P =  x*”™  :  EE*  B  +  x*""* :  EB * E  +  x""”  :  BE* E 


(4) 
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and  consider  the  existence  of  a  nonlinear  magnetization: 

(5) 


In  order  to  apprehend  better  the  nonlinear  response,  let  us 
consider  a  light  beam  propagating  along  the  axis  3,  linearly  polarized 
along  1  (E//1,  B//2  (=  E/c)).  Utilizing  the  above  expressions  and  the 
symmetry  relations  for  isotropic  third-rank  tensors,  one  calculates  the 
non- vanishing  components  of  the  extra  nonlinear  polarization  and  of  the 
nonlinear  magnetization: 

=-{x“T +z““ +zLTr}|EpE 

c 

Mr  =z::r|ErE 


According  to  these  expressions,  here  again,  the  nonlinear  effect 
can  be  described  with  intensity  dependent  parameters  :  p=po+p2l  and 
y=yo-Hy2l,  but  in  general,  the  nonlinear  coefficients  P2  and  72  are  not 
equal.  This  will  be  demonstrated  in  the  next  section. 

Before  going  to  a  more  precise  calculation  of  the  nonlinear 
susceptibilities,  let  us  consider  the  contribution  of  the  electric 
quadrupolar  effects.  One  has  to  introduce  the  corresponding 
susceptibilities: 


pNL0  =  :  EE*  VE  +  :  E  VE*E  +  x*^*” :  VEE*E 


(7) 


The  quadrupolar  susceptibilities  introduced  here  are  rank  5  tensors. 
They  are  symmetrical  when  interchanging  the  subscripts  corresponding 
to  the  pair  qe  in  the  superscript  as,  by  definition,  the  antisymmetric  part 
can  be  cast  in  the  magnetic  response  [5].  Furthermore,  in  an  isotropic 
medium,  only  the  components  like  Xni23  (allowing  permutation  of  the 
subscripts  and  interchanging  of  1,  2,  3)  are  non  vanishing.  Owing  to 
these  properties,  the  only  contribution  to  the  nonlinear  response  for  the 
previous  beam  propagating  along  the  axis  3  is: 
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p  Nl.Q  _  ^  L  eecqe  _  ceqee  ,  cqeee 
^2  “  (X.2II.M  /.2i:?ir  '^A23I11 

C 


}iErE. 


(S) 


the  nonlinear  quadrupolarization,  diagonal  in  an  isotropic  medium, 
being  null  in  this  configuration.  The  effect  described  by  eq.  8  is 
formally  non  negligible,  as  electric  quadrupolar  and  magnetic  dipolar 
effects  have  generally  the  same  order  of  magnitude.  However,  we  will 
see  in  the  next  sections  that  in  several  pertinent  cases,  such 
contributions  cancel  out. 


CALCULATION  FOR  A  TWO-LEVEL  SYSTEM 

Let  us  consider  now  the  particular  case  of  a  two-level  system.  If  we 
suppose  that  the  photon  energy  is  close  to  the  resonance,  one  can  keep 
only  the  resonant  terms  in  the  quantum  expression  of  the  nonlinear 
susceptibilies.  A  complete  calculation  following  that  of  ref  [6]  shows 
that  one  has: 


V  -  V  -  -v 

^1122  “A-I22I  “A.12I2 


-3X,", 


(9) 


Similar  expressions  can  be  obtained  for  the  other  nonlinear 
susceptibilities,  and  one  gets  the  following  relations: 


nitcc  _  ^  cmcc  _  ecnK  _ _  eecm 

Xijki  ”  Xlijk  Xklij  X  jkli 


(10) 


where  ijkl  =  1122,  1221  or  1212.  The  change  of  signs  is  connected  to 
the  occurrence  of  the  magnetic  interaction  in  an  absorption  or  an 
emission  process.  As  for  quadrupolar  effects,  they  can  be  shown  to 
vanish  identically  in  that  particular  case.  According  to  these  relations, 
one  has: 
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This  gives  a  direct  evidence  that  p2  is  not  equal  to  72  in  the 
general  case.  This  feature  is  due  to  the  fact  that  by  writing  eqs  4  and  5, 
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one  artificially  separates  the  four  magnetic  contributions  which  have  in 
reality  equivalent  effects. 


NONLINEAR  CIRCULAR  DICHROISM 

It  is  possible  to  exploit  the  previous  formalism  by  taking  into  account 
the  four  contributions  as  a  whole.  Utilizing  the  expressions  of  the 
nonlocal  susceptibilities  and  calculating  directly  the  energy  transfer 
between  the  light  and  the  molecules  /w(E*.P+B*.M)  for  right  and  left 
circularly  polarized  beams,  one  can  check  that  the  nonlinear  absorptions 
are  different.  The  expression  of  the  corresponding  nonlinear  circular 
dichroism  is  [6]: 


64  9 

NLCD  =  -^R„,ln„,|  E^B 
4j« 


T,r" 


[(®io  -®)"  +r\ 


(12) 


where  Roi  =  Int  (mi.niio)  is  the  rotational  strength  and  E  and  B  the 
electric  and  magnetic  fields,  the  other  symbols  having  their  usual 
meaning.  This  corresponds  to  the  signature  of  the  Kerr  effect  in  the 
circular  dichroism. 


FIGURE  1  Linear  (CD)  and  nonlinear  (NLCD)  circular  dichroism 
for  the  three-level  system  depicted  in  the  inset  as  a  function  of  the 
frequency  detuning  (see  text). 

Description  of  a  chiral  molecule  by  a  unique  two-level  system  is 
however  not  adequate  as  it  cannot  satisfy  the  sum  rule  that  states  that 
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the  total  rotational  strength  must  be  equal  to  zero.  We  have  therefore 
considered  a  three-level  system  as  depicted  in  the  inset  of  figure  1. 
supposing  that  the  two  transitions  have  opposite  rotational  strengths. 
The  corresponding  circular  dichroism  is  displayed  in  fig.  1  (dotted  line). 
Complete  calculation  of  the  nonlinear  response  [6]  shows  that  this 
system  behaves  as  the  superposition  of  the  two  two-level  systems 
|0>  ->  ja>  and  j0>  |p>,  giving  rise  to  a  nonlinear  circular  dichroism 

(solid  line  in  fig.  1 ).  Beside  this  contribution,  there  exists  another  one 
connected  to  the  mixing  of  the  two  transitions  (dashed  line).  This  latter 
is  however  much  weaker  by  a  factor  l/FTi  and  accessible  only  in 
experiments  where  several  beams  are  present,  as  in  a  degenerate-four- 
wave-mixing  one. 


CONCLUSION 

In  this  paper,  we  have  investigate  the  nonlinear  optical  activity 
of  a  liquid  of  chiral  molecules.  In  particular,  we  have  shown  that  there 
exist  a  nonlinear  circular  dichroism  for  molecules  described  by  a  three- 
level  system.  The  expression  of  this  NLCD  (eq.  12)  is  very  close  of  the 
usual  expression  of  the  absorption  saturation  for  a  two-level  system. 
The  major  difference  is  the  factor  Roilpoil  ^  instead  of  the  usual  [poil  ^ 
This  remark  allows  to  predict  that  the  NLCD  compared  to  the  change  in 
absorption  due  to  saturation  will  be  of  the  same  order  of  magnitude  as 
the  CD  compared  to  the  absorption.  Such  effects  should  therefore  be 
accessible  in  experiments  such  as  pump-probe  ones. 
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Optical  limiting  effect  in  2-cyclooctylamino-5-nitropyridine  (COANP)- 
polyimide  thin  films  doped  with  C70  fiillerene  has  been  studied  using 
second  harmonic  of  pulsed  Nd-laser.  The  optical  limiting  observed  in 
these  films  has  been  caused  by  an  additional  interaction  between 
electron  subsystems  of  COANP  and  fullerene  molecules.  It  has  been 
established  that  the  films  investigated  could  be  applied  for  limiting 
laser  energy  density  of  more  than  5-6  J  cm'^.  The  first  optical  limiting 
results  for  2-(n-prolinol)-5-nitropyridine  (PNP)  structure  doped  with 
fullerene  Ceo  and  C70  has  been  presented  for  comparison. 


Keywords  fullerene,  COANP,  PNP,  optical  limiting 


INTRODUCTION 

Due  to  a  wide  use  of  laser  techniques  in  optoelectronics,  the  protection 
of  sensors  and  eyes  from  laser  beams  is  the  burning  problem.  It  has 
stimulated  a  search  for  highly  nonlinear  materials  as  media  for  optical 
power  limiting.  In  the  last  decade  it  has  been  a  common  practice  to 
carry  out  the  optical  limiting  (OL)  using  the  fullerenes  as  effective 
sensitizers  for  organic  photosensitive  systems  [1-6]. 

Nonlinear  properties  of  COANP  and  PNP  films  grown  from 
supercooled  melt  are  well  known  [7-10].  These  systems  show  a  large 
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second-order  nonlinear  optical  response  and  are  of  highly  delocalized 
Ti-electron  states.  Their  unique  properties  can  be  modified  by  doping 
with  dye,  in  particular,  it  was  shown  for  COANP  compound  in  the 
paper  [11].  Recently  we  have  first  investigated  COANP-toluene 
solution  doped  with  fullerenes  ofC^o  and  C70  [12].  We  have  determined 
the  OL  level  and  shown  these  structures  could  be  applied  for  limiting  of 
high  laser  power  in  the  visible  spectral  range. 

In  the  present  paper  the  optical  limiting  effect  has  been  investigated 
in  COANP-polyimide  thin  films  doped  with  C70  fullerene.  The  first  OL 
experiments  for  PNP  structure  doped  with  fullerenes  of  Ceo  and  C70 
have  been  presented  for  comparison.  The  potentialities  of  the  systems 
studied  for  their  applications  in  visible  and  IR  spectral  ranges  have 
been  discussed. 


EXPERIMENT 

COANP  and  PNP  thin  films  doped  with  fullerenes  have  been  studied. 
2.5%  and  5%  solutions  of  COANP  and  PNP  in  1,1 ,2,2-tetrachloroetane 
were  used.  The  C60  and  C70  concentrations  were  varied  from  0.1  wt.% 
to  5  wt.%.  Non-photosensitive  polyimide  81 A  was  used  as  a  film- 
forming  base.  1-3  pm  thick  COANP-  and  PNP-polyimide  films  were 
spun  on  glass  substrates. 

The  second  harmonic  (532  nm)  of  a  pulsed  Nd-YAG  laser  was 
applied  as  a  radiation  source.  The  experimental  setup  was  identical  to 
that  of  paper  [13].  A  pulsewidth  was  15  ns  and  a  laser  spot  on  the 
sample  surface  was  3-3.5  mm  in  diameter.  Energies  of  the  beams 
incident  on  the  sample  and  s  transmitted  through  it  were  measured.  A 
set  of  light  filters  was  used  to  vary  the  incident  beam  energy.  OL 
experiments  were  carried  out  together  with  spectroscopic 
measurements  using  a  Perkin-Elmer  Lambda  9  instrument  in  the 
wavelength  range  200-3000  nm. 


RESULTS  and  DISCUSSION 

A  dependence  of  the  output  energy  (Eout)  on  the  input  one  {£jn)  is 
shown  in  Fig.  1  for  fiillerene-doped  COANP  samples. 

The  optical  limiting  effect  is  observed  for  all  fiillerene-doped 
samples  at  Em  more  than  600-700  mJ,  corresponding  to  the  incident 
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FIGURE  1  Dependence  of  Eout  on  E\n  for  the  COANP-polyimide 
structure  with  the  C70  concentration:  1  -  0;  2  -  0.5  wt.%;  3  and  4  - 
5  wt.%.  The  relation  between  COANP  and  polyimide  was  1 : 1 
(curves  1-3)  and  2:1  (curve  4).  The  dashed  line  indicates  the 
dependence  for  the  fullerene-doped  PNP  structure. 

energy  density  of  5-6  J  cm'^.  A  difference  in  transmission  between 
samples  2  and  3  is  determined  by  the  fullerene  concentration.  However, 
the  difference  between  samples  4  and  3  is  twice  as  more  at  the  same 
fullerene  concentration.  The  result  is  caused  not  only  by  a  more 
COANP  concentration,  but  a  complex  formation  between  a  donor 
fragment  of  the  COANP  molecule  and  fullerene  as  well. 

The  following  evidences  can  be  used.  First,  electron  affinity  of 
fullerene  is  2.65  eV,  that  is  more  than  the  one  for  acceptor  fragments  of 
most  organic  molecules.  Specifically,  the  acceptor  fragment  of  the 
COANP  molecule  is  a  NO2  group,  which  is  bound  to  the  donor 
fragment  by  the  benzene  ring.  For  a  separate  NO2  molecule  or  radical, 
electron  affinity  is  2.3  eV,  while  the  NO2  group  bound  to  the  benzene 
ring  has  electron  affinity  is  only  0.54  eV  [14],  that  is,  it  is  smaller  than 
the  one  of  fullerene  by  a  factor  of  4.  Therefore,  fullerenes  are  more 
effective  acceptors  and  hence  they  are  likely  to  dominate  over 
intramolecular  acceptor  fragment  of  COANP.  Second,  we  have 
investigated  absorption  spectra,  which  show  that  the  fullerene- 
containing  samples  are  of  very  different  spectral  features  from  the 
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COANP-polyimide  and  polyimide-C7o  systems.  There  are  two 
additional  absorption  peaks  at  490  nm  and  81 0-820  nm.  As  well 
known,  the  bathochromic  shift  testifies  a  change  of  molecule  structure 
and  that  it  is  likely  to  determine  the  possibility  of  complex  formation 
between  flillerene  and  the  donor  fragment  of  COANP.  Third,  dark  and 
photoconductivities  of  fullerene-doped  samples  are  one  order  of 
magnitude  more  than  those  of  fullerene-free  sample.  The  conductivity 
was  measured  under  bias  voltage  of  20-60  V.  Fourth,  mass- 
spectrometric  experiments  revealed  two  peaks  of  fullerene-COANP 
structure.  Mass-spectrometric  data  for  different  thin  fullerene-polymer 
systems  allow  the  low-  and  high  temperature  stages  to  be  attributed  to  a 
release  of  randomly  dispersed  flillerene  molecules  from  the  polymer 
matrix  and  to  sublimation  of  fullerene  molecules  from  small-crystalline 
phase,  respectively  [15].  The  low  temperature  peak  observed  in  the 
fullerene-COANP  system  supports  the  complex  formation  process  in 
the  organic  system  doped  with  fullerenes. 

The  dependence  of  the  output  energy  (£ou()  on  the  input  one  (£in)  is 
shown  in  Fig.  2  for  flillerene-doped  PNP  samples.  The  OL  effect  is 
observed  under  larger  optical  power  density  than  that  for  fullerene- 
doped  COANP  compounds.  Perhaps,  the  more  OL  level  in  the  PNP 
system  testifies  that  the  binding  between  fullerenes  and  the  PNP  is 
stronger  in  comparison  with  the  COANP  system. 

Moreover,  these  results  correlate  with  phase  transition  temperatures 
in  the  systems  investigated.  As  shown  by  differential  scanning 
calorimetry  technique  [16],  the  fullerene  introduction  influences  these 
temperatures  in  the  COANP  compounds,  decreasing,  for  example,  the 
melting  temperature.  Recently  we  have  found  a  similar  effect  of 
fullerenes  on  the  phase  transition  temperatures  in  the  PNP  compounds. 
However,  the  temperature  changes  for  PNP  took  place  at  higher 
temperatures  than  those  for  COANP  [17].  This  fact  points  to  higher 
levels  of  thermal  excitation  in  PNP.  Therefore,  the  input  beam  energy 
applied  in  the  present  work  is  unlikely  to  be  sufficient  in  order  to  reveal 
OL  peculiarities  in  the  fullerene-doped  PNP  compounds. 

It  should  be  remarked  that  future  study  of  the  fullerene-doped  PNP 
structure  is  required  to  determine  a  nature  of  this  binding.  Here  we  have 
to  say  some  words  about  spectral  peculiarities  of  the  system  studied 
that  we  should  take  into  account  to  the  OL  explanation.  Our 
spectroscopic  measurements  showed  that  fullerene-doped  PNP  system 
has  the  absorption  band  extended  from  2700  to  3200  nm.  Therefore,  the 
wavelength  of  laser  excitation  does  not  exactly  coincide  with  the 
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absorption  spectra  of  fullerene-doped  PNP  structure.  This  fact  actuates 
the  OL  effect  investigation  in  IR  range. 


FIGURE  2  Dependence  of  Eout  on  E\n  for  the  PNP-polyimide 
structure  with  the  fiillerene  concentration:  1  -  0;  2  -  1  wt.%  C70; 
3  —  1  wt.%  C60;  and  4  —  1  wt.%  (C6o+C7o)-  The  relation  between 
PNP  and  polyimide  was  1:1. 

CONCLUSION 

In  conclusion,  the  optical  limiting  effect  and  spectral  peculiarities  have 
been  studied  in  the  fiillerene-doped  COANP  and  PNP  systems.  The 
films  obtained  are  of  spectral  features  in  visible  and  IR-region  and  can 
be  applied  as  effective  non-linear  absorber  of  high  laser  power  density 
more  than  5-10  J  cm‘‘. 
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Optical  limiting  effect  in  thin  fullerene-doped  polyimide  films  has  been 
investigated  under  the  second  harmonic  of  a  pulsed  Nd-YAG  laser.  The 
malachite  green  and  coumarin  dyes  have  been  applied  as  alternative 
polyimide  matrix  impurities.  The  optical  limiting  effect  has  been 
observed  in  all  fullerene-doped  and  dye-doped  systems,  with  the  most 
optical  limiting  in  polyimide  simultaneously  doped  with  fullerene  and 
dye.  The  laser  radiation  has  been  attenuated  at  least  by  the  factor  10-25. 
The  Forster  model  has  been  used  to  interpret  the  experimental  results. 
The  optical  limiting  data  for  fullerene-doped  polyimide-chloroform 
solutions  have  been  mentioned  for  comparison. 


Keywords  polyimide;  fullerene;  optical  limiting 


INTRODUCTION 

Recent  investigations  of  fullerene-doped  toluene  solutions  performed 
by  L.  Tutt  and  A.  Kost  [1]  have  shown  that  solid  films  are  desirable  for 
many  optical  limiting  applications.  Since  that  time  polymer  systems 
doped  with  fullerenes  have  been  wide  investigated.  The  authors  of 
paper  [2]  studied  mechanisms  of  the  optical  limiting  in  polymethyl 
methacrylate  doped  with  C6o-  They  also  determined  the  effect  threshold 
and  compared  the  results  with  the  data  obtained  for  the  fullerene 
solution  in  toluene.  In  publication  [3]  a  new  complex  based  on  thin 
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films  of  bicyanovinylpyridine-C6o  was  synthesized.  A  bistability  effect 
was  observed  in  this  system.  Fullerenes  were  introduced  into 
polysilanes  [4],  resulting  in  a  photoconductivity  change.  The  results  on 
C60  and  C70  introduction  in  polyvinyl  carbazole  were  shown  in 
paper  [5].  The  authors  of  paper  [6]  discussed  a  mechanism  of  the 
photoinduced  charge  transfer  in  pol>winyl  carbazole  doped  with  C60. 
Optical  limiting  effect  was  found  in  thin  films  of  C6o~polymethyl 
methacrylate  and  in  C60“SiO2-sol-gel  matrix  [7],  Holograms  were  also 
recorded  in  these  media.  The  bathochromic  shift  in  thin  films  of 
fullerene-doped  photosensitive  polyimides  and  first  optical  limiting 
experiments  in  them  were  presented  in  paper  [8].  New 
benzylaminofullerene  compound  and  copolymers  based  on  it  were 
synthesized  [9].  An  optical  limiting  behavior  in  the  energy-dependent 
transmission  of  these  systems  were  found.  Therefore,  the  investigations 
have  clearly  demonstrated  that  fullerenes  are  a  promising  sensitizer  for 
photosensitive  polymer  systems,  which  may  be  used  as  effective  laser 
media  for  the  sensor  and  eye  protection. 

In  the  present  paper  the  optical  limiting  (OL)  effect  along  with 
spectral  properties  has  been  studied  in  the  fullerene-doped  and 
fullerene-dye-doped  polyimides  films.  Potentialities  of  the  laser  valves 
based  on  fullerene-doped  and  fullerene-dye-doped  polyimides,  which 
are  capable  of  operating  at  a  laser  power  density  level  of  more  than 
1 .5  J  cm'^  over  visible  and  near  IR  spectral  ranges,  have  been  discussed. 


EXPERIMENT 

The  thin  polymer  films  based  on  6.5  wt.%  6B  polyimide  solution  in 
1,1,2,2-tetrachloroethane  (TCIE)  were  investigated.  The  general 
formula  of  the  aromatic  polyimide  was  described  in  paper  [10].  The 
solution  was  doped  with  the  fullerene  mixture  (in  ratio  C6o:C7o  =  87:13) 
or/and  dyes.  Malachite  green  and  coumarin  dyes  were  used  as 
alternative  impurities.  The  fullerene  concentration  was  varied  from 
0. 1 5  wt.%  to  0.5  wt.%.  It  should  be  mentioned  that  fullerenes  are  of 
relatively  high  solubility  (about  5.3mgmL*'  for  C60)  in  TCIE.  The 
polyimide  films  were  spun  on  the  glass  substrates  coated  with 
transparent  indium-tin-oxide  contacts.  The  sample  thickness  was  about 
1.5  pm.  0.5-1  wt.%  polyimide  solutions  in  chloroform  with  various 
fullerene  concentration  were  prepared  for  comparative  investigations. 
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The  experimental  setup  for  the  optical  limiting  investigations  was 
shown  in  paper  [11].  The  second  harmonic  (532  nm)  of  a  pulsed  Nd- 
YAG  laser  with  a  pulsewidth  of  1 5  ns  was  applied  as  a  radiation 
source.  It  should  be  noticed  that  the  absorption  spectrum  of  fullerene- 
polyimide  system  is  overlapped  with  the  fluorescence  spectrum  of 
malachite  green  and  coumarin  at  the  wavelength  of  the  excitation 
radiation.  The  passive  modulation  was  performed  with  a  LiF  crystal. 
Energies  of  the  laser  pulses  incident  on  the  sample  and  of  the  laser 
pulses  transmitted  through  it  were  measured.  A  set  of  light  filters  was 
used  to  vary  the  incident  beam  energy.  Spectroscopic  measurements 
were  carried  out  with  a  Perkin-Elmer  Lambda  9  instrument  in  the 
wavelength  range  200-3000  nm. 


RESULTS  and  DISCUSSION 

Optical  limiting  was  detected  in  all  flillerene-doped  structures  with  the 
effect  level  depending  on  the  dopant  concentration.  The  dependence  of 
the  output  energy  (Eout)  on  the  input  energy  (Ejn)  is  shown  in  Fig.  1  for 
fullerene-doped  polyimide  films. 

As  shown  before,  fullerenes  sensitized  the  internal  photoelectric 
effect  in  the  molecular  media  with  the  donor-acceptor  complexes 
efficiently  [12].  The  behavior  observed  is  very  neatly  explained  by 
following  structural  molecular  characteristics.  Low  ionization  potential 
of  the  donor  fragment  (triphenylamine)  in  the  polyimide  molecule  and 
its  spatial  structure  make  possible  an  efficient  charge  transfer  between 
triphenylamine  and  the  fullerene  molecule.  The  necessary  condition  for 
the  transfer  is  to  align  the  molecular  planes  in  parallel,  what  provides 
the  largest  overlapping  the  electron  densities  of  molecular  orbitals.  The 
shapes  of  C6o  and  C70  molecules  are  similar  to  soccer  and  rugby  balls, 
respectively.  On  exciting,  triphenylamine  fragment  of  the  polyimide 
molecule  undergoes  a  conformational  transformation  from  the  neutral 
tetrahedral  form  to  the  ionized  planar  one.  This  effect,  along  with  less 
dimensions  of  the  triphenylamine  fragment  (0.5  nm)  than  those  of  the 
fullerene  molecule  (~0.65-0.8  nm),  causes  aligning  their  molecular 
planes  in  parallel.  Therefore,  OL  effect  in  the  fullerene-doped  systems 
may  be  explained  not  only  by  the  traditional  conversion  of  the 
unexcited  fullerene  molecule  to  the  excited  state  after  absorption  a 
quantum  of  light  at  >.=532  nm  [13],  but  by  an  additional  interaction 
between  fullerene  and  donor  fragment  of  polyimide  molecule  or  dye  as 


168 


N.  V.  KAMANINA  AND  L.  N.  KAPORSKII 


well.  The  absorption  cross  section  for  the  new  donor-acceptor  complex 
of  fullerene  and  triphenylamine  was  more  than  that  for  intramolecular 
poiyimide  complexes  by  the  factor  of  300  at  A.  =  530  nm  [12]. 


FIGURE  1  A  dependence  of  the  output  energy  (£out)  on  the  input  energy 
(£in)  in  films:  (1)  Pure  poiyimide  (6.5  wt.%  in  TCIE);  (2)  poiyimide  with 
the  0.5  wt.%  fullerene  mixture;  (3)  poiyimide  with  the  2  wt.%  fullerene 
mixture;  (4)  poiyimide  with  0.5  wt.%  malachite  green:  (5)  poiyimide  film 
with  0.15  wt.%  malachite  green  and  the  0.5  wt.%  fullerene  mixture; 
(6)  poiyimide  film  with  0.2  wt.%  coumarin;  (7)  poiyimide  with  0.2  wt.% 
coumarin  and  the  0.5  wt.%  fullerene  mixture. 

The  most  OL  was  observed  in  the  poiyimide  structure  doped  with 
fullerene  and  dyes  simultaneously  (Fig.  1,  curves  5  and  7).  Since  the 
absorption  spectrum  of  the  fiillerene-polyimide  system  is  overlapped 
with  the  fluorescence  spectrum  of  malachite  green  and  coumarin  at  the 
excitation  wavelength  (532  nm),  resonance  conditions  are  fulfilled  in 
the  polyimide-dye-fullerene  structure  in  accordance  with  the  Forster 
mechanism  [14].  The  overlapping  of  the  spectra  points  to  the  possibility 
to  overlap  the  electron  shells  of  the  dye  and  fullerene  molecules. 
Therefore,  the  free  electron  exchange  between  dye  (as  donor)  and 
fiillerene  (as  acceptor)  provides  the  favorable  conditions  for  the  charge 
transfer  complex  formation.  It  should  be  noticed  that  electron  affinity 
for  the  diimide  fragment  of  the  poiyimide  molecule  is  1.12-1.46  eV, 
while  it  is  1 .6-1.7  eV  for  malachite  green  and  2.65  eV  for  C6o. 
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Possibilities  for  the  complex  formation  of  fiillerene  with  donor 
fragment  of  polyimide  molecule  have  been  discussed  above.  The  dye 
introduction  makes  the  process  complicated.  The  optical  limiting 
investigation  allows  multi-step  interaction  to  be  revealed  in  the  multi- 
component  system. 

The  fullerene-dye-polyimide  systems  have  near-linear  transmission 
till  50  mJ  (Fig.  1,  curve  7)  and  till  125  mJ  (Fig.  1,  curve  5).  When  the 
fullerenes  and  the  complexes  included  them  are  activated  the 
transmission  decreases.  The  value  of  the  input  energy,  at  which  optical 
limiting  begins  in  the  fullerene-dye-polyimide  system,  can  be 
estimated.  The  saturation  starts  at  Ein  >  50  mJ  (Fig.  1 ,  curve  7)  and  at 
Ein>  125  mJ  (Fig.  1,  curve  5).  Because  the  spot  diameter  of  laser  beam 
was  3-3,5  mm,  the  radiation  energy  density  was  0.5  and  1.5J'cm‘  , 
respectively.  Thus,  the  laser  radiation  was  attenuated  by  the  factor  of  10 
(Fig.  1,  curve  5)  and  of  ~25  (Fig.  1,  curve  7).  At  the  same  time,  the 
attenuation  was  2-3  times  and  4-8  times  for  the  fullerene-polyimide 
structure  and  dye-polyimide,  respectively. 

It  should  be  mentioned  an  additional  complex  formation  evidence, 
namely,  the  appearance  of  peak  in  IR  spectral  range  near  1405- 
1 407  nm.  This  peak  is  associated  with  neither  fiillerene  nor  dye 
components.  It  is  a  manifestation  of  structural  changes  in  the  system 
investigated.  The  first  OL  experiments  using  the  absorption  in  this 
spectral  range  was  made  by  means  of  an  iodine-laser  at  >.=1315  nm 
with  pulsewidth  30  ns.  The  results  testify  effective  OL  with  the  level  of 
about  1.1  J-cm'^  and  the  attenuation  factor  of  3.5. 

It  should  be  noticed  somewhat  less  OL  was  observed  in  the 
fullerene-doped  polyimide-chloroform  solution.  This  result  was 
determined  by  the  cluster  formation  causing  fluctuations  of  a  solution 
density.  The  fluctuations  resulted  in  irregular  irradiation  absorption 
across  the  beam  diameter. 


CONCLUSION 

In  conclusion,  OL  effect  has  been  investigated  in  the  fiillerene-doped 
polyimide  systems.  The  largest  OL  was  shown  in  the  polyimide 
simultaneously  doped  with  fulierene  and  dye.  It  was  established  the 
fullerene-dye-polyimide  system  could  be  applied  for  limiting  power 
density  of  more  than  1 .5  J  cm'^.  In  this  case  the  laser  radiation  was 
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attenuated  at  least  by  the  factor  of  1 0-20.  The  peculiarities  observed 
may  be  explained  in  the  Forster  model  framework. 
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In-situ  ObservadoD  of  Thermochromic  Behavior  in  Merocyanine 
J-aggregate  Monolayers  Using  the  Multipurpose  Nonlinear  Optical 
Microscope 
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We  found  the  reversible  thermochromic  transition  between  different 
J-aggregate  states  of  merocyanine  dye  (MD)  monolayer  on  the 
subphase,  which  contains  two  kinds  of  counter-ions;  Cd^^  and  Mg^^. 
This  transition  is  induced  by  the  mutual  recombination  of  Mg^"^  and 
Cd^^  to  MD  molecules,  and  the  absorption  band  of  the  aggregate 
(J-band)  at  620  nm  in  low  temperature  phase  changes  drastically  to  595 
nm  in  high  temperature  phase.  From  the  in-situ  observation  using  the 
multipurpose  nonlinear  optical  microscope,  it  was  revealed  that  this 
phenomenon  can  be  exploited  for  controlling  not  only  the  J-band  but 
also  the  size  and  the  optical  second  harmonic  activity  of  J-aggregate 
domain. 


Keywords  merocyanine  dye,  J-aggregate,  monolayer  at  the  air-water 
interface,  thermochromism,  multipurpose  nonlinear  optical  microscope 


INTRODUCTION 

The  assembly  of  dye  molecules  often  exhibits  its  absorption  band 
different  from  that  of  monomer  dye  molecules  as  a  result  of  the  optical 
transition  dipole  moment  interaction  among  the  molecules.  J-aggregate, 
which  is  one  kind  of  the  assembly,  is  characterized  by  Stokes-shift  free 
fluorescence  and  sharp  and  red-shifted  absorption  band  compared  to 
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that  of  monomer  dye  molecules,  and  receiving  much  attention  as  a 
candidate  of  new  nonlinear  optical  devices  due  to  its  large  optical 
nonlinearity  and  fast  decay  of  excited  state  [1].  The  optical  properties 
such  as  J-aggregate  absorption  band  (J-band)  are  affected  by  the 
cohered  structure;  e.g.  the  arrangement  manner  of  the  dye  molecules  [I  ] 
and  the  degree  of  crystallinity  [2,3],  Therefore,  if  the  structure  can  be 
controlled  by  the  external  forces,  the  technique  would  be  quite  useful 
for  fabricating  high  quality  nonlinear  optical  devices  or  new 
structure-organized  molecular  devices  [4-7].  In  this  report,  we  report 
the  novel  thermochromic  transition  between  different  J-aggregate  states 
of  amphiphilic  merocyanine  dye  (MD)  molecules  (FIG.  1(a))  at  the 
air-water  interface.  The  phenomenon  would  provide  potential 
application  to  various  optical  devices. 

MD  molecules  form  the  two-dimensional  J-aggregate  crystallites 
(JC)  on  the  aqueous  subphase  [8-10],  and  JC  possesses  the  optical 
second  harmonic  (SH)  activity  as  a  result  of  the  alignment  of  molecular 
dipole  moment  along  the  specific  direction  in  JC  [11].  The  formation  of 
JC  depends  on  the  ionic  species  contained  in  Ae  subphase  as  a 
counter-ion  for  MD  molecules  [12].  On  the  subphase  containing  Mg^^, 
J-band  appears  at  620  nm,  and  on  the  subphase  containing  Cd^^,  at  595 
nm  (FIG.  1(a)).  When  we  use  the  binaiy  counter-ion  subphase  which 
contains  both  Mg^^  and  Cd^^,  the  transition  between  the  J-band  at  620 
and  595  nm  occurs  at  definite  temperature  (FIG.  1(b)),  In-situ 
observation  using  the  multipurpose  nonlinear  optical  microscope  was 
performed  to  clarify  changes  in  morphology  and  SH-activity. 
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FIGURE  1  (a)  indicates  constitutional  formula  of  MD 
molecule  and  absorption  spectra  of  the  monomer  and  JC  states 
of  MD  molecules  on  the  subphase  containing  Mg^^  or  Cd^"^. 
The  surface  densities  of  molecules  are  not  equal  in  these  cases, 
(b)  indicates  the  thermal  hysteresis  loop  of  the  J-band  position 
of  the  MD  monolayer  on  the  binary  counter-ion  subphase. 
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EXPERIMENTAL 

The  binary  counter-ion  subphase  is  the  aqueous  solution  of  0.5  mmol/1 
mixture  of  MgCl2  and  CdCb,  with  0.05  mmol/1  NaHCOs  for  stabilizing 
the  pH  at  about  7.  The  molar  fraction  of  MgCb  to  CdCb  is  80  %.  An 
experimental  dish  with  ~  3  cm  diameter  is  used  as  a  trough. 

The  MD/arachidic  acid  (AA)  mixed  monolayer  on  the  subphase  was 
observed  by  M-NLOM  [9,10].  AA  was  mixed  for  stabilizing  the 
monolayer  and  the  molar  fraction  of  AA  to  MD  was  60%.  M-NLOM 
enables  us  to  observe  SH  and  fluorescence  (FL)  images  as  well  as  the 
FL,  absorption  and  reflection  (RF)  spectra  at  the  same  part  of  the 
monolayer.  Excitation  wavelengths  for  SH  and  FL  are  1064  and  532  nm, 
respectively.  Fluences  of  each  beams  are  less  than  10  and  0.001 
mJ/mm^  per  pulse,  respectively.  Though  JA  exhibits  FL  band,  we 
preferentially  used  SH  images  to  avoid  the  photo-bleaching  of  JA, 
because  the  SH  signal  can  be  excited  by  the  beam  far  from  the  JA 
absorption.  During  the  observation,  RF  spectra  were  measured  to 
monitor  the  J-band.  Details  of  the  optical  set-up  are  indicated  in  our 
previous  papers  [9,10]. 


RESULTS  AND  DISCUSSIONS 

From  the  measurement  of  the  absorption  spectrum  change  of  MD 
monolayer  on  the  binary  counter-ion  subphase  as  a  function  of 
subphase  temperature,  we  obtained  the  thermal  hysteresis  loop  of  the 
J-band  peak  position  (FIG.  1(b)).  After  spreading  MD  molecules  on  the 
binary  counter-ion  subphase  at  16°C,  the  JC  exhibits  620  nm  band. 
During  the  increase  of  the  subphase  temperature,  the  620  nm  band 
remains  with  almost  no  shift  of  the  peak  wavelength  up  to  32®C,  where 
it  suddenly  disappears  and  the  595  nm  band  raises.  Up  to  48°C,  the  595 
nm  band  keeps  its  profile  unchanged.  On  cooling,  the  595  band 
disappears  and  the  620  band  is  restored  at  23°C.  The  isosbestic  point 
was  observed  at  about  605  nm.  This  phenomenon  was  observed  to  be 
reversible  for  several  cycles.  From  the  fact  that  the  spectrum  shape  of 
the  J-band  of  each  phase  corresponds  exactly  to  that  induced  by  Mg^^  or 
Cd^^  (FIG.  1(a))  and  this  transition  did  not  occur  on  the  subphase  which 
containing  single  kind  of  counter-ion,  this  thermochromism  originates 
in  the  mutual  recombination  of  Mg^^  and  Cd^^  with  MD  molecules.  The 
change  in  the  J-band  is  attributed  to  changes  of  aggregate  structure  and 
the  number  of  cooperating  molecules. 
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FIGURE  2  (a)  and  (b)  indicate  the  change  of  RF  spectra 
during  the  thermochromic  transition  on  heating  and  cooling, 
respectively,  (c)  indicates  the  hysteresis  of  the  averaged  SH 
intensity  during  the  transition.  Dotted  and  dash  lines  indicate 
the  transition  points  of  heating  and  cooling  processes 
determined  by  the  hysteresis  in  FIG.  1(b). 


RF  spectra  and  SH  images  of  the  MD/AA  mixed  monolayer  during  the 
thermochromic  transition  are  shown  in  FIG.  2(a)  and  (b),  and  FIG.  3, 
respectively.  The  observed  temperatures  are  indicated  in  FIG.  1(b).  FIG. 
3(a)  shows  the  SH  image  at  14®C  (point  (i)  in  FIG.  1(b)),  where  the 
bright  region  indicates  the  strong  SH  signal.  The  image  shows  no 
polarization  dependence.  Similar  SH  images  were  obtained  up  to  30®C 
(FIG.  3(b),  and  point  (ii)).  In  this  temperature  range,  JC  are  quite  small 
(•-  1  pm)  and  distribute  at  random.  Above  the  transition  point  (32°C) 
determined  by  the  hysteresis  in  FIG.  1(a),  almost  no  SH  signal  is 
observed.  However,  the  RF  spectrum  at  34°C  (FIG.  2  (a))  indicates  the 
coexistence  of  low  and  high  temperature  phases.  The  SH  image  at  35®C 
(point  (iii))  is  shown  in  FIG.  3(c).  The  decrease  of  the  SH  signal  is 
attributed  to  the  smallness  of  JC  (<  500  nm),  which  makes  the 
macroscopic  symmetry  of  the  specimen  centro-symmetric.  Then  the 
subphase  is  cooled.  The  small  SH-active  islands  of  about  10  pm  begin 
to  appear  from  29°C.  The  SH  image  at  27°C  (point  (iv))  is  shown  in  FIG. 
3(d)  and  (e).  Islands  in  s-polarized  image  (d)  are  not  observed  in 
p-polarized  one  (e).  This  indicates  that  the  each  island  is  the  uniform  JC. 
Also,  these  images  show  the  nucleation  and  growth  process  of  highly 
SH-active  regions  in  weak  SH-active  high  temperature  phase.  This  is 
the  typical  first-order  phase  transition.  Finally,  large  SH-active  domains 
(>  30  pm)  are  observed  at  19°C  (point  (v))  as  shown  in  FIG.  3(f)  and 
(g).  The  contrast  of  the  image  is  reversed  by  alternating  the  polarization 
direction.  This  also  means  that  each  domain  consists  of  one  uniform  JC, 
FIG-  3  (h)  shows  the  FL  image  of  JC  taken  under  the  same  condition  as 
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in  (f).  Coincidence  between  (h)  and  (f)  confirms  that  the  SH  signals  in 
(f)  originates  in  JC.  Note  that  the  JA  domain  size  in  FIG.  3(f)  and  (g) 
becomes  much  larger  than  the  initial  state  in  FIG.  3(a).  This  is  caused 
by  the  re-crystallization  through  the  phase  transition.  FIG.  2(c)  shows 
the  change  in  SH  intensity  which  is  the  intensity  sum  of  the  s-  and 
p-polarized  SH  images  with  same  size  as  shown  in  FIG.  3.  After  an 
increase  of  the  intensity,  it  decreases  before  the  transition  point  from 
620  to  595  nm  band  on  heating.  This  comes  from  the  shrinking  of 
highly  SH-active  JC  in  low  temperature.  On  cooling,  the  intensity 
increases  before  the  transition  point  due  to  the  growth  of  highly 
SH-active  islands  in  low  temperature  phase,  and  finally  the  intensity 
becomes  much  stronger  than  the  initial  state.  This  is  due  to  the 
enlargement  of  the  JC  and  the  improvement  of  its  crystallinity. 

In  the  summary,  we  showed  the  structural  phase  transition  of  MD 
J-aggregate  at  the  air-water  interface,  which  is  induced  by  the  mutual 
recombination  of  different  counter-ions  with  MD  molecules.  The  phase 
transition  is  accompanied  by  the  discrete  change  of  absorption  spectrum. 
Therefore,  the  phenomenon  provides  potential  applicability  to  several 
kinds  of  optical  device  such  as  optical  memory. 
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Semi-classical  modeling  of  medium  effects 
on  NLO  molecular  properties 
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The  solute  nonlinear  optical  properties  are  shown  to  be  quite  ambiguous  in  defini¬ 
tion.  Connections  between  different  conventions  are  presented.  A  general  local  field 
factor,  differing  from  the  commonly  used  Lorentz-Lorenz  factor,  is  described.  A  sim¬ 
plified  semi- classical  approximation  provides  reliable  results  for  systems  as  large  as 
conjugated  polymers  and  fullerenes. 

Keywords:  solvent  effects,  NLO,  local  field  factors,  conjugated  polymers, 
fullerenes 


Introduction 

The  development  of  theoretical  models  simulating  effects  of  a  molecu¬ 
lar  environment  on  linear  and  nonlinear,  optical,  properties  is  well  moti¬ 
vated  by  the  fact  that  by  far  the  most  commonly  available  experiments 
are  those  conducted  in  the  liquid  or  condensed  phase.  To  accurately 
describe  such  effects  in  the  liquid  phase  poses  a  theoretically  intrigu¬ 
ing  problem  and  many  models  of  today  are  simplified  by  employing  a 
cavity,  embedded  in  a  dielectric  continuum,  in  which  one,  or  possibly  a 
few,  molecules  are  placed,  so-called  reaction  field  models  [1].  These  reac¬ 
tion  field  models  have  been  incorporated  into  many  electronic  structure 
methods  and  studied  for  many  years  [1]. 

Solute  NLO  properties 

The  molecular  nonlinear  optical  properties  are  defined  by  the  Tay¬ 
lor  expansion  of  the  total  dipole  moment  in  orders  of  the  strength  of  a 
perturbing  field  F 

pT  =  Mi  +  ocij^j  +  2^ijkFjFk  +  -'JijkiFjFkFi  H - .  (1) 

In  the  absence  of  the  external  field  the  solute  dipole  moment 
of  the  molecule  gives  rise,  in  the  dipolar  approximation,  to  the  initial 
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reaction  field 

(2) 

nf  =  +  (3) 

where  /x,  a, /3, ...  are  the  gas  phase  dipole  moment,  polarizabilities  and 
hyperpolarizabilities  of  the  molecule,  and  is  the  reaction  field  factor 
tensor. 

In  the  presence  of  an  external  field  the  induced  dipole  moment 
can  be  expanded  in  terms  of  different  fields  which  can  easily  lead  to 
confusion  in  the  definition  of  molecular  properties  in  solution.  In  the 
literature,  three  different  fields,  namely  the  external  Maxwell  field  F^', 
the  cavity  field  F^'  and  the  local  induced  field  F^'  have  been  used,  which 
lead  to  effective,  cavity  and  local  field  properties  respectively  [2] 

{F,^  effective  properties 

Ffi  — >•  cavity  field  properties  .  (4) 

local  field  properties 

Local  field  properties  (LFP)  are  the  properties  that  can  be  expressed 
in  terms  of  a  perturbation  expansion  in  the  initial  reaction  fiedd  F^^° 

o:]j{-uj;uj)  =  +  ,/7,j«(~cj;a;,0)Fj^°  (5) 

+  CO,  0,0)Fj'«F, 

^y4(“2u;;co,a;)  =  Aj^(-2a;;  a;,  to)  +  7ij;ta(-2w;  w,  w,  0)Fj^‘’ +  (6) 

yijkii  3iio,  uj,  u>,  u)  'Yijkii  3lO,  CO,  CO,  co)  +  3co;  u),  ce,  UJ.  0)FJ^®  +  (./.jl 

where  F^“  is  determined  from  Eqs.  (2)  and  (3).  It  is  these  properties 
that  experimentalists  usually  refer  to  as  solute  properties. 

Cavity  field  properties  (CFP)  are  on  the  other  hand  properties  that 
usually  come  out  of  theoretical  calculations.  Self-consistent  reaction  field 
methods,  which  incorporate  the  induced  reaction  field  in  the  unperturbed 
part  of  the  Hamiltonian  rather  than  as  a  perturbation,  provide  solute 
properties  belonging  to  this  category.  Starting  from  the  general  expan¬ 
sion  of  the  dipole  moment,  the  following  connection  to  the  local  field 
properties  can  be  derived  [2] 


ag{-a;;u;)  =  /“ 


(8) 
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/3g,(-2a.*;a;,^)  =  a;,  a;),  (9) 

+^i}a{~3a;;  w,  2aj)/^/3^^(— 2a;;  a;,a;) 
+A^a(~^^>  2a;)/^ /?^;(— 2a;;  a;,  a;) 

-f/5i'(-3a;;a;,2a;)/,^/5g,(-2a;;a;,a;)  (10) 

where  /”/'  =  +  /^"“ajj(-na;; no;). 

Semiclassical  model 

Expressing  cavity  field  properties  in  terms  of  gas  phase  properties  from 
equations  (5)- (7)  and  (8)- (10)  would  lead  to  rather  complicated  formu¬ 
las.  However,  using  the  classical  Onsager  expression  for  the  energy  of 
the  solvated  molecule  [1]  one  can  under  certain  approximations  derive  a 
simplified  set  of  expressions  [3] 

~  Mi  d-  Pmfmn^nii 

Olij  ~  Oiij  ■+■  OCimfmn^nj  d"  P-nif-nrin^niji  (^2) 

~  ^ijk  d*  d-  OCjmfmn^nik  d"  rnn^nij  d" 

'^ijkl  ~  'Ifijkl  d"  ^irnfmn'ynjkl  d"  O^jmfmn'ynikl  d*  ^kmfmnynijl  d“  ^Imfmn'ynijk 

y'fiijmfmn^nkl  d*  Pikmfmn^njl  d"  Pilmfmnl^njk  d*  t^mfmn^nijkl-  (^4) 

The  reliability  of  a  semi-classical  solvation  model  for  optical  properties 
of  molecules  in  solutions  have  been  examined  for  molecules  with  small, 
medium  and  large  size  [3]. 

Using  these  semiclassical  relations  for  electronic  properties  similar  re¬ 
lations  for  vibronic  contributions  to  the  properties  can  be  derived  [3]. 
Another  possibility  is  to  reformulate  the  above  semiclassical  equations  in 
terms  of  total  properties  instead  of  pure  electronic  properties. 

Effective  properties 

A  real  experimental  measurement  is  carried  out  with  respect  to  the 
external  field  which  corresponds  to  the  effective  properties.  Obvi¬ 
ously,  the  connection  to  the  effective  properties  is  diflferent  for  local  field 
properties  and  cavity  field  properties  which  means  that  different  local  field 
factors  have  to  be  used.  For  local  field  properties  we  have  [2] 


(15) 
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(16) 

(17) 


7§„(-3c.;«,w,a,)  =  7X(-3^;a;,a;,u,) 

+  [Ac1,(-3w;  w,  2w).3£,(-2^';  u,  ui) 

+  0};l„(-3oj;  2aj),C(-2^; 

+  ft';'„(-3w;t^.2t.)C,(-2a.;w,c.')] 

which  shows  that  part  of  the  effects  from  tlie  induced  reaction  field  have 
to  be  incorporated  into  the  local  field  factors.  For  tfie  cavity  field  prop¬ 
erties  we  have 


ag(“w;w)  =  Q^li-ujiu)).  (18) 

A^,{-2ai;a;,a;)  =  (19) 

7]jfcf(—3a;;  w,  oj,  a;)  =  7,^j^,(— 3cj;  uj,  uj,  u}).  (20) 

which  manifests  that  the  wliole  effect  of  the  total  reaction  field  is  ac¬ 
counted  for  in  the  properties  rather  than  in  the  local  field  factors. 

Applications 
Conjugated  polymers 

Ab  initio  calculations  of  properties  of  isolated  molecules  together  with 
the  SC  model  for  solvent  effects  enabled  a  treatment  of  oligomers  with 
a  sufficient  number  of  repeat  units  to  study  the  solvent  effects  on  their 
static  polarizabilities  and  hypcrpolarizabilities  in  the  polymer  limit  [3]. 
The  solvent  induced  property  changes  were  found  to  decrease  rapidly 
with  increasing  chain  length  (see  Fig.).  The  optical  properties  of  very 
long  oligomers  in  solution  tend  to  approach  the  values  in  gas  phase.  The 
solvent  effects  have  shortened  the  saturation  lengths. 

All  advanced  theoretical  calculations  for  hyperpolarizabilities  of  polyenes 
have  predicted  much  shorter  saturation  lengths  than  those  obtained  from 
experiment.  Since  for  a  perfectly  ordered  molecule  the  solvent  effects  can 
only  enlarge  the  gap  between  theory  and  experiments,  the  most  possi¬ 
ble  explanation  for  this  difference  is  the  conformational  disorder  of  tlie 
molecules  in  the  measurements,  as  already  pointed  out  in  previous  stud¬ 
ies. 


Fullerenes 

From  the  point  of  view  of  medium  effects,  the  amorphous  thin  fiillerene 
films  can  be  considered  as  randomly  oriented  molecular  systems,  similar 
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Figure  1.  Length  dependence  of  relative  change  of  hyperpolarizability 
per  unit,  R.y,  for  trans-polyenes,  diphenyl-polyenes,  and  poly-pyrrols  in 
strong  polar  solution,  e=78. 


to  pure  liquids.  Consequently,  the  inter-molecular  interaction  effects  on 
the  nonlinear  optical  response  can  be  simulated  using  the  reaction  field 
model. 

For  the  case  of  the  molecules  that  do  not  possess  a  permanent  dipole 
moment,  which  is  the  case  for  fullerenes,  the  Onsager-Bottcher  relation  [1] 
can  be  utilized  together  with  the  help  of  expressions  (8)-(10)  to  provide 
a  general  local  field  factor  (without  any  reference  to  the  cavity  radius) 
for  1^1 


(26^ + !)(£='“  - 1)  !  - 1  y 

47riVa(-3u;;  3a;)3e^‘^  \47r7Va(— w;  u) ) 


where  a  the  polarizability  in  gas  phase.  Such  a  factor  obviously  differs 
from  the  frequently  used  Lorentz-Lorenz  L-L  local  field  factors 

I  2 

T  (3)  _  /W<T  ]i^\  ]ljJ2  1^3  ^  ^ 

^L-L  *L-L‘L-L‘L-L‘L-L5  ‘L-L  ”  ^  ^ 

For  fullerene  Ceo  the  numerical  evaluation  revealed  the  traditional 
Lorentz-Lorenz  factor  to  be  =  16  compared  to  the  general  local 
field  factor  (21)  =  21.2.  That  means  that  the  Lorentz-Lorenz  local 

field  factor  significantly  underestimates  the  medium  effect  on  the  second 
hyperpolarizabilities  in  this  case. 

We  can  see  good  agreement  [4]  between  the  results  for  the  electronic 
part  of  6?  6)  based  on  theoretical  values  1.61  x  10“^^  esu  of  RPA, 
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0.88  X  10-^2  Qf  dFT/LDA  and  0.73  x  lO-'^  DFT/LB94  with 
the  experimental  value  of  0.9  ±  0.3  x  10“^^. 

Summary 

The  ambiguity  in  the  definition  of  the  solute  nonlinear  optical  prop¬ 
erties  with  respect  to  the  different  perturbing  fields  was  examined  and 
connections  between  different  conventions  were  presented  in  this  work.  It 
was  shown  that  special  care  must  be  taken  when  comparing  theoretical 
and  experimental  solute  properties. 

The  commonly  used  Lorentz-Lorenz  local  field  was  shown  to  lead  to 
sizable  systematic  errors.  A  more  genera!  approach  to  the  local  field 
factors  based  on  the  Onsager-Bottchcr  relation  was  here  suggested  as  a 
solution  to  this  problem. 

The  reaction  field  model  within  the  dipolar  approximation  was  shown 
to  provide  reliable  results  for  systems  like  conjugated  polymers  and  fnllerencs. 
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We  demonstrate  that  simultaneous  second-harmonic  generation  (SHG) 
and  two-photon  excited  fluorescence  (TPEF)  can  be  used  to  rapidly 
image  membranes  labeled  with  a  lipophilic  styryl  dye.  We  have 
developed  a  model  based  on  the  theory  of  phased-array  antennas  which 
shows  that  the  SHG  radiation  is  highly  structured  and  can  be  roughly  of 
the  same  power  as  TPEF.  This  model  provides  a  definition  of  a  SHG 
cross-section  which  can  be  directly  compared  to  the  TPEF  cross- 
section. 


Keywords:  nonlinear  optics;  optical  second-harmonic  generation; 
SHG;  second-harmonic  microscopy;  two-photon  microscopy 


Second-harmonic  generation  (SHG)  and  two-photon  excited 
fluorescence  (TPEF)  are  nonlinear  optical  phenomena  which  scale  with 
excitation  intensity  squared,  and  hence  give  rise  to  the  same  intrinsic 
three-dimensional  resolution  when  used  in  microscopic  imaging. 
Whereas  TPEF  microscopy  is  now  widely  used  in  biological  imaging 
[1],  SHG  microscopy  at  high  resolution  has  only  recently  been 
demonstrated  as  a  tool  for  imaging  of  living  cells  [2,3].  Because  SHG  is 
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a  coherent  phenomenon  involving  radiative  scattering  whereas  TPEF  is 
an  incoherent  phenomenon  involving  radiative  absorption  and  re¬ 
emission,  the  two  provide  intrinsically  different  contrasts.  We  show 
here  the  possibility  of  combining  these  contrasts  in  a  single  scanning 
microscope.  By  using  a  charge-transfer  lipophilic  styryl  dye  [4]  and 
exciting  near  its  absorption  band,  we  benefit  from  a  large  SHG  signal 
and  also  significant  two-photon  absorption,  which  allow  simultaneous 
and  rapid  SHG  and  TPEF  imaging  of  membranes. 
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FIGURE  1  SHG  and  TPEF  microscope:  a  Ti:sapphire  laser  beam  is 
focussed  into  a  sample  with  a  microscope  objective  (MO).The 
transmitted  SHG  is  collected  with  a  condenser  (C),  bandpass  filtered 
(BP),  and  detected  with  a  photomultiplier  tube  (PMT).  The  transmitted 
laser  light  is  blocked  with  a  color  glass  filter  (F).  The  TPEF  from  the 
sample  is  epi-collected,  discriminated  with  a  dichroic  mirror  (DM), 
bandpass  filtered  (BP)  and  detected  with  a  PMT. 

Our  combined  SHG  and  TPEF  microscope  is  described  in  Figure 
1  and  consists  of  a  homebuilt  scanning  microscope  which  includes 
transmitted  light  detection.  The  excitation  source  is  a  mode-locked 
Tirsapphire  laser  (Spectra  Physics)  which  delivers  ~80  fs  pulses  at  a  81 
MHz  repetition  rate.  The  laser  light  is  focussed  into  the  sample  and  the 
resultant  SHG  is  collected  in  the  forward  direction  while  the  TPEF  is 
collected  in  the  backward  direction.  The  sample  consist  of  giant 
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unilamelar  vesicles  (GUVs)  made  of  a  phospholipid  in  water.  The 
vesicles  are  labeled  at  1-4  mol.%  with  the  lipophilic  styryl  dye  Di-6- 
ASPBS  {N-(4-sulfobutyl)-4-(4-(dihexylamino)  styryl)pyridinium);  The 
preparation  and  labeling  of  GUV  has  been  described  in  [5].  The 
dominating  hyperpolarizability  component  of  this  molecule  is  along  its 
charge-transfer  axis  (molecule-axis),  and  is  denoted  p. 

When  using  a  tightly  focussed  excitation  beam  in  TPEF 
microscopy,  the  active  volume  from  which  fluorescence  is  generated  is 
sharply  confined  near  the  focal  center.  Similarly,  when  imaging 
molecules  in  a  membrane  with  SHG  microscopy,  only  a  small  area 
about  the  focal  center  is  active.  Given  the  length  scales  involved,  this 
area  may  be  considered  essentially  flat  and  oriented  parallel  to  the 
excitation  propagation  direction.  The  SHG  efficacy  is  highly  dependent 
on  the  geometry  of  excitation  field  near  the  focal  center,  and  the  use  of  a 
macroscopic  surface  susceptibility  [6]  to  quantify  SHG  emission 
becomes  inappropriate.  Therefore,  we  have  developed  a  model 
specifically  tailored  to  a  tight-focus  geometry  to  characterize  SHG  in  a 
membrane  starting  from  the  level  of  individual  molecular 
hyperpolarizabilities  (or  nonlinear  cross-sections).  Our  model  is  based 
on  the  theory  of  phased-array  antennas,  in  which  the  dye  molecules  are 
regarded  as  elemental  dipole  radiators  driven  at  the  second-harmonic 
frequency  of  the  excitation  beam,  in  proportion  to  their 
hyperpolarizability.  The  SHG  radiation  pattern  is  derived  by  taking  the 
excitation  polarization  to  be  along  the  molecular-axis  and  coherently 
summing  the  far-field  amplitudes.  The  molecules  are  assumed  to  be 
perfectly  aligned  perpendicular  to  the  surface  of  membrane.  The  SHG 
radiation  is  then  found  to  be  double-peaked  in  well-defined  off-axis 
forward  directions  which  correspond  to  the  angles  where  the  excitation 
and  SHG  fields  are  phase-matched,  and  critically  depend  on  the  phase 
anomaly  of  the  focussed  excitation  beam  [7].  By  integrating  the 
radiation  pattern  over  all  solid  angles,  the  total  SHG  power  can  be 
expressed  in  the  simple  form; 

^SHC  ~  2  ^SHG  ^ 


(1) 
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where  N  is  the  effective  number  of  molecules  contributing  to  SHG,  /“ 
is  the  excitation  mean  square  intensity,  0  is  a  parameter  dependent  on 
the  focus  geometry,  and  is  the  SHG  cross-section  for  a  single 
molecule.  The  SHG  cross-section  is  proportional  to  the  molecule’s 
hyperpolarizability  squared,  and  may  be  expressed  as 

[mVphotons-'j  (2) 


where  n  is  the  index  of  refraction.  We  recall  that  the  fluorescence  power 
emitted  by  N  molecules  undergoing  two-photon  excitation  with  a 
Gaussian  focussed  beam  can  be  expressed  similarly  as 


(3) 


where  is  the  two-photon  fluorescence  (or  “action”)  cross-section, 
defined  by  the  two-photon  absorption  cross-section  multiplied  by  the 
fluorescence  quantum  yield.  The  above  equations  lead  to  a  simple 
expression  for  the  ratio  of  total  SHG  to  TPEF  powers: 


p 

^  SHG 
^TPEF 


^TPEF 


(4) 


The  donor-(7t-bridge)-acceptor  structure  of  Di-6-ASPBS  allows 
a  large  charge  transfer  along  the  molecular  axis  [8,9].  Though  no  direct 
experimental  data  on  the  hyperpolarizability  of  styryl  dyes  in  membrane 
is  available,  based  on  two-state  model  [6,10]  and  experimental 
measurements  [4]  we  can  predict  a  large  near-resonance 
hyperpolarizability  for  this  molecule  when  inserted  in  a  membrane  and 
excited  at  880  nm,  leading  to  ^  10“"  GM.  In  turn,  the  TPEF  cross- 
section  of  Di-6-ASPBS  in  membrane  at  the  same  excitation  wavelength 
is  estimated  to  be  a^p^p  30  GM.  Although,  cTs„g  is  small  compared  to 


SIMULTANEOUS  SHG  AND  TPEF  MICROSCOPY 


187 


CTj-pirfr  for  a  single  molecule,  the  ratio  PshgI^tpef  is  significantly 
enhanced  for  a  large  number  of  molecules  owing  to  the  coherent 
summation  of  SHG  field  amplitudes.  This  ratio  is  even  further  enhanced 
if  we  consider  that  SHG  power,  because  of  its  directional  nature,  can  be 
more  efficiently  collected  than  TPEF  power.  In  our  experimental  case 
the  number  of  active  molecule  under  excitation  is  about  jVss2x10'’, 
which  leads  to  a  power  ratio  approaching  0.3. 


FIGURE  2  TPEF  and  SHG  images  of  two  adhering  vesicles  labeled 
with  Di-6-ASPBS  (equatorial  slice),  excited  at  880  nm.  The  total 
acquisition  time  for  the  images  was  1 .5  s,  for  an  excitation  power  at  the 
sample  <1  mW.  The  adhesion  area  where  the  membranes  are  fused 
exhibits  a  centrosymmetric  molecular  distribution  wherein  TPEF  is 
allowed  but  SHG  is  not. 

SHG  and  TPEF  images  of  Di-b-ASPBS  molecules  under  the 
conditions  described  above  are  illustrated  in  Figure  2.  The  large 
hyperpolarizability  of  the  molecule  combined  with  the  coherent 
summation  of  SHG  resulted  approximately  equal  measured  powers  in 
both  images,  allowing  these  to  be  acquired  simultaneously.  A  feature  of 
SHG  is  that  it  is  a  sensitive  monitor  of  local  molecular  asymmetry.  In 
particular,  it  is  well  known  that  SHG  vanishes  in  the  case  of  symmetric 
dipole  distributions,  as  illustrated  in  Figure  2.  This  sensitivity  to  local 
asymmetry  is  inaccessible  to  TPEF  and  promises  to  be  a  powerful  tool 
for  the  study  of  molecular  organization  in  biological  membranes. 
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The  photorefractive  properties  of  polymer  composites  based  on  poly(N- 
vinyl  carbazole),  doped  with  the  sensitizer  C6o,  the  plasticizer  butyl 
benzyl  phthalate,  and  two  series  of  styrene-based  chromophores  are 
presented.  These  materials  exhibit  very  fast  response  times  (beam- 
coupling  growth  times  tg  as  small  as  60  ms  at  50  V/pm  applied  field 
and  200  mW/cm^  intensity  and  Xg  as  small  as  5  ms  at  100  V/pm  and  1 
W/cm^)  of  great  interest  for  video-rate  optical  processing  applications. 
The  photorefractive  properties  are  discussed  in  terms  of  the  structure 
and  oxidation  potential  of  the  chromophore. 


Keywords  photorefractive;  polymer  composites;  high  speed 


INTRODUCTION 


The  properties  of  photorefractive  (PR)  materials  have  been  investigated 
during  the  last  30  years,  mainly  motivated  by  their  potential 
applications  in  optical  processing,  phase  conjugation,  optical  storage, 
etc,.^‘^  Although  most  of  the  work  has  been  focused  on  inorganic 
crystalline  materials,  such  as  LiNb03,  in  1991  photorefractivity  was 
also  demonstrated  in  polymers^^l  These  materials  have  shown  high 
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performance  (net  gain,  overmodulated  diffraction  efficiencies  sub¬ 
second  response  times  x  and  gain  coefficients  T  in  the  100-200  cm*' 
range)  in  low-cost  samples  not  requiring  careful  crystal  growth.  This 
high  performance  is  mainly  due  to  an  orientational  enhancement 
mechanism  not  present  in  inorganic  materials. 

Until  now,  most  of  the  improvements  in  the  performance  of  PR 
polymers  have  been  focused  on  getting  larger  F  and  r\  values^^l 
However,  few  advances  have  occurred  in  the  speed  of  grating 
formation,  with  most  materials  showing  grating  growth  times  x  in  the 
range  0.1-100  s  at  the  canonical  1  W/cm^  writing  intensity.  Very 
recently,  we  reported  several  high-speed  PR  composites  (e.g. 
PVK:AODCST:BBP:C6o)  withx  <10  ms  at  1  W/cm^,  while  maintaining 
high  net  gain  coefficients  (>  100  cm*'),  thus  opening  new  possibilities 
for  video-rate  optical  processing  applications 

In  this  work  we  investigate  the  PR  properties  of  materials  of  the 
general  composition  PVK:Chromophore:BBP:C6o,  where  only  the 
chromophore  structure  changes^^l  Two  series  of  chromophores  have 
been  studied:  a  series  of  dicyanostyrene  (DOST)  derivatives  with 
varying  amine  donor  (Table  1)  and  a  series  of  cyanoesterstyrene 
(CEST)  derivatives  with  varying  amine  donor  (Table  2).  We  study  the 
effect  of  the  structure  and  oxidation  potential  of  the  chromophore  on  the 
PR  properties,  with  particular  emphasis  on  the  speed  of  formation  of 
two-beam-coupling  gain. 


DCST  Chemical  HOMO  DCST  Chemical  HOMO 


Structure  (meV)  Structure  (meV) 


TABLE  1 HOMO  position  (relative  to  ECZ)  for  DCSTs 


PVK-BASED  PHOTOREFRACTIVE  POLYMER  COMPOSITES 


191 


CEST 

Ri 

"13C  p 

y~i, 

R2 

HOMO 

(meV) 

1 

C2H5 

C3H7 

118 

2 

C2H5 

CH2CH2OCH3 

114 

3 

C2H5 

CgHn 

122 

4 

C2H5 

C4H9 

122 

5 

C2H5 

C(CH3)3 

138 

6 

C2H5 

CH3 

118 

7 

CH3OCH2CH2 

CH2CH20CH3 

66 

8 

CH3 

CH2CH20CH3 

106 

TABLE  2.-  HOMO  position  (relative  to  ECZ)  for  CESTs 

EXPERIMENTAL  SECTION 


Samples  were  prepared  by  following  standard  procedures^^^.  The 
polymer  composites  consisted  of  the  hole  transporting  polymer  poly(n- 
vinyl  carbazole)  (PVK)  (49.5  wt%),  doped  with  a  nonlinear 
chromophore  (NLO)  (35%  wt%),  the  liquid  plasticizer  butyl  benzyl 
phthalate  (BBP)  (15%  wt)  and  the  sensitizer  Ceo  (0.5  wt%).  They  were 
sandwiched  between  two  indium-tin-oxide  (ITO)  coated  glass  plates, 
obtaining  films  with  thickness  ranging  between  60  and  100  pm. 

The  photoconductivity  of  the  samples  was  measured  by  a  simple  DC 
technique.  A  voltage  of  20  V/pm  was  applied  to  the  sample  in  the  dark 
and  during  illumination  at  647  nm,  with  an  intensity  of  200  mW/cm^. 
The  measurement  of  the  current  flowing  through  the  sample  in  both 
cases  permitted  the  determination  of  the  dark  conductivity  (oa)  and  the 
photoconductivity  (aph). 

The  PR  properties  were  investigated  by  standard  two-wave-mixing 
(TWM)  experiments  in  a  tilted-geometry  configuration  at  647  nm.  The 
applied  electric  field  was  50  V/pm  and  the  intensity  of  the  incident 
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beam  200  mW/cm^.  The  gain  coefficient  (T)  was  determined  from  the 
measurement  of  the  multiplicative  gain  factor  (yo)  at  steady  state. 
Finally,  the  time  constant  tg  was  obtained  by  fitting  the  evolution  of  the 
growth  of  the  gain  with  a  single  exponential  function  of  the  form 

y(t)=  1  +yo{l-exp[-(t/Tg)]}  (1) 

Cyclic  voltammetry  was  performed  in  all  the  chromophores.  in  order 
to  determine  their  first  oxidation  potential  and  the  HOMO  (highest 
occupied  molecular  orbital). 


RESULTS  AND  DISCUSSION 

The  photoconductivity  Cph  and  the  PR  speed  Xg*'  for  composites 
(PVK/chromophore/BBP/Ceo)  were  determined  as  previously  described. 
Although  samples  were  prepared  by  adding  a  nominal  0.5  wt.  %  of  C6o 
to  the  sample  mixture,  the  absorption  coefficients  (a)  vary  from  one 
sample  to  another.  Since  both,  Oph  and  Xg''  are  proportional  to  the  rate  of 
generation  of  mobile  charges  in  the  material,  and  therefore  to  a,  in 
order  to  compare  the  performance  of  the  different  chromophores,  Oph 
and  Xg’’  need  to  be  normalized  by  dividing  by  a.  Such  a  comparison  is 
illustrated  in  Figures  1(a)  and  1(b)  for  DCST  and  CEST  derivatives 
respectively,  by  plotting  the  normalized  speed  (Xg"Va)  versus  the 
normalized  photoconductivity  (Oph/a). 

For  the  DCST  derivatives  (Fig.  1(a))  a  clear  trend  of  higher 
(xg'Va)  with  larger  (oph/a)  is  observed.  This  suggests  that  the  speed  in 
this  type  of  composites  is  determined  by  Oph,  rather  than  by 
chromophore  orientation.  These  results  are  in  agreement  with  a 
previously  reported  study  on  AODCST*"*^,  where  it  was  observed  that 
both  parameters  (Xg“'  and  Oph)  grew  linearly  with  intensity  without 
saturation.  On  the  other  hand,  for  the  CEST  derivatives  (Fig.  1(b))  the 
correlation  between  (Xg  '/a)  and  (Cph/a)  is  not  so  clear.  Indeed,  only 
small  changes  in  speed  are  observed  from  one  chromophore  to  another 
for  almost  all  cases.  To  obtain  further  insight  into  the  CEST  materials, 
we  performed  intensity  dependent  studies  of  (Xg'Va)  and  (Oph/a).  Also 
in  this  case  a  linear  dependence  is  observed.  However  the  slope  of  the 
speed  line  and  the  photoconductivity  differ  up  to  one  order  of 
magnitude  for  some  of  the  systems  (i.e.  CEST-3).  This  suggests  that 
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the  speed  is  being  affected  by  some  other  factor,  which  may  be 
chromophore  orientation  or  some  other  process. 


Normalized  Photoconductivity  (Oph  /a)  (pS) 


FIGURE  1  Normalized  photorefractive  speed  (xg*Va)  versus 
photoconductivity  (aph/a)  for  composites  of: 

(a)  PVK/DCST/BBP/C60  and  (b)  PVK/CEST/BBP/C60. 

The  deeper  issue  of  the  reason  for  the  observed  behaviour  may  be 
examined  by  utilizing  the  results  from  a  previous  study  of  trapping 
dynamics  in  Cso-doped  PR  polymers^^l  That  model  proposed  that  the 
active  trap  is  the  €50  anion,  while  the  chromophores  would  act  as 
compensators,  trapping  the  holes  produced  by  irradiation  of  the  C^o. 
This  effect  should  affect  then  the  charge  mobility  and  hence  aph,  with 
lower  mobility/aph  for  deeper  hole  traps.  To  test  this  idea,  we  performed 
cyclic  voltammetry  on  all  the  chromophores,  and  used  the  first 
oxidation  potentials  to  locate  the  relative  energy  of  the  HOMO  of  the 
chromophore  relative  to  that  for  N-ethyl  carbazole  (ECZ).  The  results 
show  (see  Table  1)  a  very  strong  trend  for  the  DCST  derivatives:  the 
higher  (aph/a)  and  (Xg'Va)  values  occur  for  the  most  shallow  hole  trap 
represented  by  the  presence  of  the  chromophore.  On  the  other  hand,  for 
the  CEST  class  (Table  2)  no  clear  trend  is  observed,  which  is  another 
hint  that  transport  in  CEST-based  composites  is  more  complex. 
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Overall,  the  most  important  result  obtained  is  that  these  composites 
show  very  fast  response  times,  as  compared  to  other  polymer 
composites  previously  reported,  while  keeping  reasonable  gain 
coefficients  near  100  cm  '.  Comparing  DCST's  to  CEST’s.  with  a  few 
exceptions,  both  Oph  and  Tg'‘  are  higher  in  the  DCST  class.  In  addition, 
the  steady-state  V  values  are  generally  larger  for  the  DCST’s  (ranging 
from  40  to  80  cm’’)  than  for  the  CEST’s  (between  10  and  45  cm*'). 
This  difference  is  probably  due  to  the  enhanced  ground  state  dipole 
moment  of  the  DCST  molecules  relative  to  the  CEST  molecules. 

Finally,  in  order  to  increase  the  speed  even  more  we  performed 
TWM  experiments  at  higher  electric  fields  and  intensities  (up  to  100 
V/jim  and  1  W/cm^  respectively)  for  some  of  the  compounds.  Response 
times  as  small  as  5  ms  with  gain  coefficients  around  200  cm*'  were 
measured  for  AODCST^'*l  However,  the  problem  of  the  high  fields 
used,  is  that  sample  breakdown  eventually  occurred,  so  further  work  is 
required  in  order  to  control  this  effect. 
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Modelization  of  the  Angular  Redistribution  in  Optical 
Ordering  Processes  in  Dye  Containing  Polymers. 
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Photoinduced  anisotropy  (PIA)  and  all  optical  poling  (AOP)  imply  an  angularly  selective  resonant 
excitation  of  dye  molecules  followed  by  angular  redistribution  (AR).  Most  often,  AR  is  due  to  photo¬ 
isomerization.  Optical  pumping  can  induce  dipolar  or  oclupoiar  symmetries  leading  to  a  x'*’-  In  amor¬ 
phous  materials  (polymers),  AR  is  isotropic  and  cannot  produce  order,  but  it  is  a  necessary  process  for 
the  durability  of  the  order  created  by  light.  In  this  paper,  the  general  tensorial  formalism  [1,2]  is  intro¬ 
duced  in  the  model  of  optical  pumping  previously  developed  in  axial  symmetry  for  PIA[3-5].  As 
proved  experimentally  in  the  case  of  PIA,  the  efficiency  of  AR  is  the  result  of  many  successive  pho¬ 
toisomerization  cycles.  They  produce  the  mixing  of  tensorial  orders,  leading  to  complicated  equations 
which  can  be  solved  numerically,  but  a  very  simple  solution  is  given  for  the  photostationary  state. 


Keywords:  theory  of  optical  ordering;  all-optical  poling;  photoinduced  anisotropy 


Three  different  optical  methods  have  been  developed  for  ordering  dye  molecules  in 
polymer  films,  for  non-linear  optics  and  telecommunication  applications: 

Photoinduced  anisotropy  (PIA)  or  Weigert  effect:  birefringence  and  dichroism 
are  induced  by  a  polarized  resonant  light  excitation 

Photoassisted  electrical  poling  (PAEP):  optica!  pumping  increases  the  mobility  of 
molecules,  which  can  be  oriented  by  a  DC  field,  at  room  temperature  [4-7]. 

All-optical  poling  (AOP)  is  the  most  recent  method:  The  material  is  coherently 
pumped  by  the  fundamental  frequency  and  the  second  harmonic  of  a  laser  beam 
resonant  at  2co  [8-10],  A  can  be  created  with  non  polar  molecules  (octupolar 
molecules)  and  different  macroscopic  symmetries  can  be  induced  [1,2], 

For  PIA  and  PAEP  a  theoretical  model  has  been  built  and  has  been  successfully 
compared  to  the  dynamical  behavior  of  experiments  [6],  The  extension  of  this  model 
to  AOP  has  been  proposed  for  cigar  shape  molecules  pumped  by  linearly  polarized 
beams  [4,5].  The  three  optical  ordering  methods  can  be  described  by  the  combina¬ 
tion  of  three  mechanisms.  Firstly,  a  selective  optical  pumping,  or  angular  hole 
burning  (AHB)  depending  one  the  polarization  of  pumping  beam(s).  Secondly,  an 
angular  redistribution  (AR)  occurring  in  the  optical  excitation  process  and/or  during 
the  lifetime  of  excited  levels  and/or  in  the  relaxation  process,  back  to  the  ground 
state.  It  leads  to  an  accumulation  of  molecules  in  the  less  pumped  orientation.  AR  is 
a  partial  thermalization  of  molecules  orientation  during  the  excitation  process. 
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FIGURE  1.  Illustration  of  angular  hole  burning  and  of  angular  redistribution, 
in  the  case  of  photoinduced  anisotropy  by  a  Z-polarized  resonant  light  beam. 

The  cos*6  pumping  burns  holes  near  0  =  0  and  0  =  7t.  Dotted  areas  represent 
the  angular  distributions  n-r{0)  and  nt-(6),  in  irans  and  in  cis,  at  the  beginning 
of  pumping  (first  order  of  perturbation).  The  peak  of  n^  and  the  flat  distribu¬ 
tion  of  nc  (vertical  hachures)  represent  the  photostationary  state,  when  AR 
(horizontal  and  oblique  arrows)  has  accumulated  trans  molecules  near  0 
=  7t/2.  This  distribution  is  given  by  equation  (12). 

This  angular  redistribution  is  particularly  efficient  when  a  change  of  the  geometrical 
structure  of  molecules  occurs,  i.e.  when  molecules  perform  photoisomerization.  Azo¬ 
dyes  are  the  most  efficient  molecules.  In  the  following,  we  will  refer  to  their  reversi¬ 
ble  trans-^cis  photoisomerization.  Figure  1  schematizes  AHB  and  AR.  Finally,  the 
orientational  dijfusion  tends  to  restore  the  isotropy  in  the  ground  state.  Of  course,  to 
build  a  permanent  orientational  order,  this  relaxation  must  be  avoided. 

Here  the  general  tensorial  formalism  developed  by  S.  Brasselet  and  J.  Zyss  [1,2] 
will  be  introduced  in  the  model  of  the  photoisomerization  cycles,  which  describes 
more  precisely  the  angular  redistribution.  Formally,  the  evolution  of  the  angular  dis¬ 
tributions  r\j(Q)  =  nT((p,0,y)  and  nc(Q),  in  trans  and  cis,  respectively,  is  given  by: 

5::^  =  -Pr(n)nT(n)+  — fRCT(n'-»i2)nc(n')dr!  +  (I) 

=  f RTc(ii'  -» n)PrT(ri’ )nT(n' )dn'  nc(£i)  +  (2) 

The  population  of  electronically  excited  levels  has  been  neglected  because  of  their 
very  short  lifetime.  For  simplicity,  we  ignore  the  reverse  optical  pumping  from  cis  to 
trans,  in  spite  of  its  importance.  It  is  easy  to  introduce  it  like  in  reference  [5].  R^c  and 
Rct  express  the  probability  of  angular  redistribution  from  D!  to  Q,  in  pumping  and 
relaxation  processes,  respectively.  The  last  term  in  (1)  and  (2)  is  the  thermal  orienta¬ 
tional  diffusion.  In  the  case  of  AOP,  the  pumping  probability  is  given  by: 
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Pr(Q) «  ay-2(o;2to)  •  9?e(E2(o  ®  £2(0)  +  2pQ{-2o):co,a})  •  9le(E2(o  ® 

+  Yn(-o);-Q),co,co)  •  9te(E;;^  ®  e;;^  ®  E^^  ®  E(„) 

=  X(-ir  Dq%(a)[a*'qK(2)EK^  +P'-K(3)eK^  ^y'K(4)  (3) 

Kqq’ 

Ej,  and  are  the  complex  amplitudes  of  fields  and  ot'‘^,P"j2  andy’^  are  the 
imaginary  parts  of  molecular  susceptibility  tensors,  in  the  laboratory  frame,  in  Carte¬ 
sian  coordinates.  In  the  second  row,  tensors  have  been  written  in  the  spherical  irre¬ 
ducible  representation  and  susceptibilities  have  been  expressed  in  the  molecular 
axes,  with  the  help  of  the  Wigner  rotation  operators  according  to  references 
[1,2].  The  factor  2,  in  front  of  p,  comes  from  the  existence  of  two  equal  contribu¬ 
tions,  p(-2co;co,co)  and  p(-CD;-cc),2(i})  [5].  If  the  Kleinmann  symmetry  applies,  K  is  0 
and  2  for  a,  1  and  3  for  p  and  0,  2  and  4  for  y,  but  because  of  the  optical  resonance 
other  components  may  exist,  such  as  P^"l  Nevertheless,  if  the  writing  field  tensors, 
are  symmetrical  (e.g.  for  parallel  linear  polarizations)  the  Kleinmann  symmetry 
is  restored.  functions  appear  to  be  the  good  basis  to  express  angular  distri¬ 

butions  and  to  define  generalized  order  parameters  Tjn,„, : 


T,„.„=JnT(n)Di,*„(n)d£2  (4) 


Similarly,  Cj,n„,  will  be  the  order  parameters  of  cis.  Equations  (1)  and  (2)  become; 
^  Ln'nKq'qs 


4"  ^CT  ^Jm'm 


Ln'n 


Jm' m 


Ln'  n 


(5) 

(6) 


The  optical  pumping  coupling  matrix  contains  all  the  terms  'A'^'E'^  of  equation  (3). 
The  integration  on  Q  of  the  three  D  functions  gives  3J  coefficients  which  impose 
m  =  q+n,  m'  =  q'+n’  and  a  triangular  relation  between  J,  K  and  L: 

P,tf;  =  I  '  1)  (7) 

sKq'q 

D^,  R^c  Rcn-ar®  damping  factors,  which  depend  only  of  J.  Indeed,  in 
amorphous  materials,  thermal  diffusion  in  cis  and  in  trans,  as  welt  as  angular  redis¬ 
tribution  in  isomerization  processes,  are  isotropic. 

Equations  (5-6)  are  an  infinite  set  of  coupled  differentia!  equations.  They  can  be 
solved,  like  in  references  [4,5],  by  assuming  that  order  parameters  are  negligible 
above  J  =  ^nd  by  solving  numerically  the  matricial  equation: 
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dX(t)~ 

dt 


=  [M][X(t)]  +  S 


(8) 


[X]  is  a  column  matrix  with  I +  Ij 2(2J+1)-  elements  and  with  J  < 

S  is  coming  from  the  condition  +  C(^  =  N.  The  solution  of  (6)  could  be  obtained 
numerically  like  in  references  [4-6],  but  the  size  of  matrices  is  huge,  in  the  general 
case  (for  =  6,  X  has  909  elements!).  For  cigar  molecules  (q'=0)  or  for  parallel 
linear  polarizations  (q=0),  D  functions  are  reduced  to  spherical  harmonics  and  the 
number  of  components  is  accessible  to  small  computers  (to  be  published  soon). 

The  important  feature  of  equations  (5-6)  is  the  coupling  between  the  tensorial  or¬ 
ders  of  angular  distributions.  In  previous  publications  [1,2]  the  nonlinear  propenies 
of  optically  oriented  materials  were  expressed  at  the  first  order  in  the  pumping  prob¬ 
ability.  This  solution  is  obtained  by  replacing  Tl^,,  by  '"Tgoo  =  N  in  equations  (5).  For 
t  =  oo  one  finds  (assuming  for  simplicity  that  AR  is  complete  in  one  cycle:  =0): 


With  this  first  order  one  obtains  the  result  of  references  [1,2]: 


Where  CO,  and  (O,,  are  read  and  write  frequencies,  respectively.  If  co,  is  out  of  reso¬ 
nance  Kleinmann  symmetry  of  P(2co,)  imposes  J  =  I  and  3  (J  =  3  only  for  octupolar 
molecules  or  octupolar  pumping  fields  i.e.  counter-rotating  circular  polariza- 
tions[l,2}).  As  soon  as  at  the  second  order,  the  coupling  of  tensorial  orders  appears: 


(2)t 


Jm'm 


Kq'qs 

Ln'ns 


L  K  J 

n'  q'  -m' 


L  K  J 
n  q  -tn 


(II) 


It  is  the  irreducible  decomposition  of  tensorial  products  ('A*^©  ’  A^)  and  ('E'^®’'E^). 
For  instance,  and  produce  in  general  1<  J  <  5.  The  result  is  a  modification 
of  the  ratio  of  components  J  =  1  and  J  =  3  in  the  expression  (10)  of  Nevertheless, 
in  the  interesting  case  of  counter-rotating  circular  polarizations,  J  =  1  never  appears. 
Indeed,  in  that  case,  couples  (K.  q),  or  (L,  n)  can  be  only  (0,  0)  or  (2,  0)  for  E0E, 
(0,  0)  (2,  0)  or  (4,  0)  for  E®E@E©E  and  (3,  ±3)  for  E@E@E.  One  gets  m  =  ±3  with 
J  >  3,  or  m  =  0  :  the  3J  cancel  for  J  =  1.  At  higher  orders,  this  property  is  always 
valid.  Nevertheless,  in  all  cases,  the  estimation  of  the  value  of  necessitate  a  com¬ 
plete  resolution  of  equations  (5-6),  since  the  perturbation  development  (9)  is  valid  if 
Dt-  i  e-  if  the  angular  diffusion  in  trans  is  fast.  This  condition  is  just  what  is 
to  be  avoided  for  obtaining  a  stable  orientation  of  active  molecules. 

When  the  thermal  diffusion  in  trans  is  negligible,  there  is  a  very  simple  stationary 
solution  of  equations  (1-2),  which  is  an  isotropic  distribution  of  molecules  in  cis 
(nc(f2)  =  Nc/(8k^)).  As  AR  and  the  diffusion  in  cis  cannot  modify  this  distribution 
(J  Rcr(Q'->Q)dIl'  =  1),  equation  (1)  becomes  0  =  Pr(Q)  nT(D)  -Nc/(87i^Tc).  The  an¬ 
gular  distribution  in  trans  is  proportional  to  the  inverse  of  the  probability  of  excita¬ 
tion  and  can  be  projected  on  the  DJ^.„  functions: 
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UjiQ)  =  -  =  N 

^  87r-T,Pr(Q) 


871^  Pr(0)f  +  [  — r^~Trl 

I,"  J87t^Pr(a)J 


1-1 


(12) 


^Ln'n 


^jDn‘n(“) 


Sk-t^. 


_sKqq' 


dQ 


(13) 


Using  the  properties  of  D\;.^  functions,  it  is  easy  to  show  that  this  expression  of  T^n^ 
is  the  stationary  solution  of  equation  (5)  (with  Cjn,.„=Nc  5j  o8„oSnv.o  and  D|.  =  0). 

In  simple  cases,  it  is  easier  to  calculate  directly  n(f2)  with  the  Cartesian  compo¬ 
nents  of  the  P  tensor.  Figure  1  shows  nT(0)  and  nc(0)  for  cigar-like  molecules 
pumped  by  a  single  Z-polarized  resonant  light  beam  (PIA),  The  probability  of  exci¬ 
tation  is  Pr(0)  =  a  -i-  b  cos‘0.  The  first  order  solution  (n-r(0)  =  1  -  nc(0)  =  1  -  £  Pr(0), 
with  £  «1),  is  shown  in  this  figure:  it  is  the  pure  hole  burning  effect  which  can  be 
observed  at  the  beginning  of  pumping.  The  phoCostationary  solution  (12)  is  also  rep- 
re.sented.  Let  us  notice  that,  in  this  model,  the  pumping  probability  must  contain  an 
isotropic  part  (a)  for  avoiding  divergence  for  0  =  k!2.  In  practice,  diffusion  in  trans 
and  optical  pumping  from  cis  to  trans  reduce  this  accumulation  of  molecules. 


Proba  =  0.01  +  0.02  sin^e  +  0.03  sin^9  cos(3(fi  -n )  +0.02  sin‘0 


Proba  =  0.01  +  0.02  sin^e  +  0.03  sin^6cos(<(>-rt)  +0.02  sin'e 


FIGURE  2.  Photostationary  angular  distribution  produced  by  all-optical  poling 
of  rod-like  polar  molecules,  by  circularly  polarized  beams  at  co  and  2o),  as  cal¬ 
culated  from  equation  (12).  The  upper  graph  is  obtained  with  counter-rotating 
waves  and  the  lower  graph  with  co-rotating  waves.  In  right  graphs,  Z  is  the 
propagation  axis  of  light  beams.  Left  graphs  show  contour  lines  for  different 
values  of  z.  The  thick  dash  curve  is  the  contour  in  the  x-y  plane.  The  relative 
amplitude  of  the  interference  term  has  been  exaggerated  for  the  demonstration. 
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Figure  2  represents  the  all-optical  poling  of  cigar-likc  molecules  by  two  circularly 
polarized  beams  (o)  and  2a)).  Since  molecules  are  uniaxial,  one  has  q'=  0,  in  (3)  and 
the  Wigner  functions  become  spherical  harmonics.  The  one  photon  and  two  photon 
pumping  probabilities  arc  proportional  to  sin^O)  and  sin'^CO),  respectively  (K=0.  2,  4 
and  q=0,  as  explained  above).  The  interference  term  is  proportional  to 

sin-^0 cos(3{p- AO)  «  9\e{Y^(e,(p)e~'^‘^}.  (14) 

for  counter-rotating  waves  (upper  graph  in  figure  2)  and  to 

sin^e  C0SC9- AO)  oc  9?e|(^fr^Y,‘(0,(p)- (15) 

for  co-rotating  waves.  AO  is  the  phase  difference  between  waves:  it  defines  the  ori¬ 
entation  of  the  pattern  in  the  x-y  plane.  Both  patterns  rotate  along  the  propagation 
axis,  because  of  the  dephasing  of  waves.  The  first  case  is  the  pure  octupolar  pump¬ 
ing.  with  a  three-fold  symmetry,  while  the  second  case  is  a  superposition  of  dipolar 
and  octupolar  pumping  with  a  two-fold  symmetry.  S.  Brasselet  has  shown  these 
properties  of  x'’’  theoretically,  at  the  first  order,  and  experimentally  [  1 ,2]. 

Conclusion 

All  optical  ordering  processes  are  strongly  saturated,  since  it  is  an  accumulation 
process.  The  first  order  calculation  is  insufficient  for  estimating  the  final  result  and 
particularly  for  determining  the  best  relative  intensity  of  the  two  beams,  in  AOP. 
Although  not  surprising,  it  is  intere.sting  to  notice  that  the  mixing  of  tensorial  orders 
by  saturation  preserve  the  symmetry  of  the  pumping  process. 

Here  calculation  methods  have  been  proposed.  The  model  is  over  simplified,  but 
it  is  possible  to  improve  it.  Mathematically,  it  is  easy  to  introduce  the  reverse  optical 
pumping  in  equations  (5-6)  [5].  The  difficulty  is  to  know  the  value  of  molecular  sus¬ 
ceptibilities,  particularly  in  excited  states.  In  AOP  experiments,  the  pumping  beams 
are  strong  laser  pulses:  it  should  not  be  difficult  to  extend  the  model  to  pulses.  The 
result  should  not  be  very  different.  The  angular  redistribution  is  exactly  the  same  in 
AOP  and  in  PIA.  The  only  difference  is  the  symmetry  of  light.  PIA  experiments  [II] 
are  of  great  interest  to  characterize  the  ability  of  molecules  to  be  oriented  by  AOP. 
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Abstract  An  anti-guide  structure  was  formed  by  a  pump-light  beam  in  a 
photo -sensitive  nonlinear-optical  or  photorefractive  polymer.  The  formation  was 
experimentally  confirmed  by  the  Maker-fringes  method,  using  the  polymer  which 
was  sensitive  to  the  pump  He-Ne  laser  but  not  to  the  fundamental  Nd:YAG  laser. 
Second-harmonic  generation  based  on  the  confinement  of  the  fundamental  and  its 
second- harmonic  wave  in  the  anti-guide  was  monitored  by  changing  the 
temperature,  the  poling  electric-field  and  the  beam  radii  of  the  pump  and  the 
fundamental  wave.  The  anti-guide  formed  in  the  photorefractive  polymer  might  be 
applied  to  light-control  by  light. 


INTRODUCTION 

Using  the  thin-film  planar  waveguide  of  a  photorefractive  (PR)  polymer,  the 
self-enhancement  of  the  Cerenkov-radiation  type  second-harmonic  (SH)  power 
was  observed.  It  was  initially  attributed  to  the  gradually  formed  periodic 
structure,  which  satisfied  the  quasi-phase-matching  [1,  2].  After  that,  however,  it 
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was  theoretically  made  clear  that  the  relatively  large  enhancement 
experimentally  obtained  could  be  explained  by  the  self-formed  anti-guide 
structure  [3]. 

In  this  paper,  we  report  on  the  fabrication  of  an  anti-guide  structure  by  using  a 
He-Ne  laser  as  a  pump  wave.  Moreover,  it  is  confirmed  by  monitoring  an  SH 
wave  of  the  fiindamental  NdiYAG  laser  in  the  Maker  fiinges. 

PREPARATION  OF  A  PHOTO  REFRACTIVE  POLYMER 

The  PR  polymer  used  in  the  Maker-fringes  experiment  was  composed  of  18.9 
wt.%  of  the  nonlinear-optical  (NLO)  chromophore  4-methoxy-4’-nitrostilbene, 
0.1  wt.%  of  the  photosensitizer  2,4,7-trinitro-fluorenone,  and  40.4  wt.%  of  the 
plasticizer  l,3-Bis(V-carbazolyl)  propane  in  a  matrix  poly(A''-vinylcarba2ole). 
The  composite  was  sandwiched  between  two  FTO  glass  substrates  obtaining  a 
film  of  thickness  around  125  /im. 

This  polymer  was  photo-sensitive  to  the  wavelength  633  nm  of  the  He-Ne 
laser  but  not  to  the  wavelength  of  the  Nd;YAG  laser. 

CONFINEMENT  IN  AN  ANTI-GUIDE 

The  anti-guide  structure  has  a  core  with  a  refractive  index  lower  than  that  of  its 
clad.  Figure  1  schematically  shows  how  such  an  anti-guide  structure  will  be 
formed  in  a  PR  polymer.  Here,  the  space  charges  generated  in  the  pump  beam 
and  trapped  outside  of  the  beam  shields  and  reduces  the  applied  electric-field. 
The  NLO  molecules  are  reoriented  to  reduce  the  refi-active  index  mainly  due  to 


FIGURE  1  Formation  of  an  anti-guide  structure. 

Ep:  poling  dectric-fteld,  E.s;  space-charge  field. 
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the  birefringence.  The  refractive  index  of  the  region  irradiated  by  the  pump  beam 
or  by  the  SH  beam  itself  becomes  lower  than  the  sumounding  poled  PR  polymer. 

Using  a  0.1  mW  power-level  He-Ne  laser  as  a  pump  beam  and  rotating  the 
sample,  we  obtained  Maker  fringes  of  the  SH  wave  generated  from  a  Nd;YAG 
laser.  Figures  2(a)  and  (b)  show  the  results  in  case  of  the  poling  voltage  of  1.5  kV, 
for  almost  the  same  and  the  smaller  pump-beam  radius  in  comparison  to  the 
fundamental -beam  radius,  respectively.  The  comparison  of  the  SH  power  with 
and  without  the  pump  shows  that  the  enhancement  was  due  to  the  confinement 
of  the  fundamental  and  its  SH  wave  in  the  core  of  the  anti-guide.  Since  the  pump 
power  was  kept  constant  in  order  to  make  the  pump-beam  radius  smaller  in  (b), 
the  pump  intensity  and  then,  the  number  of  photo-carriers  increased.  As  a 
consequence,  the  refractive  index  of  the  pump-irradiated  region  in  (b)  was 
reduced  more,  inducing  a  larger  confinement.  Thus,  the  enhancement  of  the  SH 
power  in  (b)  is  larger  than  that  in  (a). 


Rotation  Angle  f  ] 


i .  ■ ’1  .y,  iv....  j  ^ 

-60  -40  -20  0  20  40  60 

Rotation  Angle  (°  I 


(a)  (b) 

FIGURE  2  Maker  fringes. 

The  pump-beam  radius  (a)  almost  same  as  and  (b)  smaller  than  the 
fundamental-beam  radius. 


Figure  3  shows  the  results  obtained  by  changing  the  pump  power,  with  the 
pump-beam  radius  fixed  and  an  applied  voltage  of  1.25  kV.  It  is  observed  that  an 
increase  of  the  pump  power  resulted  in  the  increase  of  the  SH  power. 

However,  there  is  still  the  possibility  that  the  anti-guide  is  formed  by  the 
reduction  of  the  refractive  index  through  the  thermal  effect  or  the  thermo-optic 
(TO)  effect. 


SH  Power  [a.u.}  SH  Power  (a  u  ] 
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-60  -40  -20  0 

Rotation  Angle  ['’  ] 

FIGURE  3  Maker  fringes  for  two  pump-power  levels. 


-60  -40  -20  0 

Rotation  Angle  [*  ] 

(b) 


FIGURE  4  Maker  fringes  for 
several  values  of  applied  voltage. 

(a)  no  pump 

(b)  pump  power  of  35  ju  W 

(c)  pump  power  of  70  A/  W 
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DEPENDENCE  OF  SH  POWER  ON  APPLIED  ELECTRIC-FIELD 

In  order  to  confirm  the  contribution  of  the  space-charge  field,  we  studied  the 
dependence  of  the  SH  power  on  the  externally-applied  electric  field.  Figures  4(a), 
(b)  and  (c)  show  the  Maker  fringes  for  no  pump,  with  a  pump  power  of  35  juW 
and  of  70  /^W,  respectively.  Due  to  the  poling,  the  SH  power  increased  with  an 
increase  of  the  applied  voltage  in  each  figure.  Ideally  in  (a),  the  slope  should  be 
2  in  the  relation  ot\og{SH  power)  for  \og(applied  voltage),  where  SH  power  was 
measured  at  one  of  the  peiks  in  the  Maker  fiinges.  The  slopes  of  (a),  (b)  and  (c) 
were  1.84,  2.00  and  2.12,  respectively.  Although  the  slope  of  (a)  was  not  equal  to 
2,  the  slopes  of  (b)  and  (c)  were  larger  than  that  of  (a).  This  suggests  that  the 
space-charge  field  or  the  screening  field  increased  and  the  confinement  was 
strengthened  with  an  increase  of  the  applied  voltage  based  on  the  reduction  of 
the  refractive  index.  The  poling  electric-field  or  the  drift  field  enhances  the 
space-charge  field  and  in  organic  PR  materials,  also  increases  quantum  yield  of 
photocharges,  which  induces  the  reduction  due  to  the  molecular  reorientation. 

The  enhancement  ratio  of  the  SH  power,  that  is,  the  ratio  of  the  SH  power 
with  and  without  the  pump  more  clearly  gives  the  confinement  based  on  the 
molecular  reorientation  by  excluding  the  effect  of  poling.  Here,  it  should  be 
noted  that  this  ratio  is  not  dependent  on  the  applied  voltage  in  the  case  of  the 
anti-guide  thermally  formed. 


1 


0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8 

Applied  Voltage  [kV] 


FIGURE  5  Enhancement  ratio  for  applied  voltage. 


Figure  5  shows  the  ratio  as  a  function  of  the  applied  voltage.  In  the  case  of  the 


206 


T.  FUJIHARA  et  al. 


pump  power  of  35  the  ratio  gradually  increases  with  an  increase  of  the 
reduction  of  the  refractive  index  to  form  the  anti-guide.  However,  the 
second-order  nonlinearity  is  also  reduced  by  molecular  reorientation.  Therefore, 
lastly,  the  reduction  of  the  nonlinearity  overcomes  the  confinement,  which 
results  in  the  decrease  of  the  ratio.  On  the  other  hand,  in  the  case  of  the  higher 
pump  power,  the  ratio  initially  decreases.  This  means  that  the  heating  of  the 
pump-irradiated  region  increases  the  degree  of  the  molecular  orientation,  and 
that  results  in  a  larger  nonlinearity,  as  compared  to  the  surrounding  clad  without 
enough  space  charges.  When  the  space  charges  that  screen  the  poling 
electric-field  increase  with  the  field,  the  degree  of  the  orientation  degrades 
resulting  in  the  initial  decrease  of  the  ratio.  Hence,  the  ratios  in  both  cases  are 
larger  than  unity  in  the  lower  externally-applied  electric-field,  due  to  thermal 
confinement. 

DISCUSSIONS  AND  CONCLUSIONS 

The  anti-guide  was  formed  by  using  the  pump,  which  was  monitored  by  the 
enhancement  of  the  SH  power.  We  could  confirm  that  the  formation  was 
dominantly  attributed  to  the  molecular  reorientaion  by  the  photo-generated 
space-charges  and  its  screening  field. 

For  quantitative  evaluation  of  the  enhancement  in  association  with  the  optical 
confinement  in  the  anti-guide,  the  sample  with  coplanar  poling-electrodes  will  be 
required. 
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Liquid  crystal  spatial  light  modulator  (LC  SLM)  based  on  a  fullerene- 
doped  polyimide  photosensitive  layer  has  been  studied.  LC  SLM 
diffraction  efficiency,  sensitivity  and  temporal  characteristics  have 
been  determined  by  the  holographic  technique.  The  significant 
improvement  (from  lO"^  to  5x10'^  J-cm'^)  in  sensitivity  has  been  found. 
This  effect  is  attributed  to  a  creation  of  additional  donor-acceptor 
complexes  in  the  system  used. 


Keywords  modulator,  polyimide,  liquid  crystal,  fullerene. 


INTRODUCTION 

A  creation  of  new  LC  SLM  has  been  stimulated  by  a  development  of 
complicated  laser  schemes  and  a  design  of  optical  memory  devices  [1- 
3].  Optically  addressed  LC  SLM  allows  various  physical  problems  to 
be  solved.  They  are  a  control  of  laser  directional  pattern,  a  image 
selection,  a  phase  aberration  correction,  etc.  [4-7].  As  the  SLM 
photosensitive  layer,  soluble  polyimides  (Pis)  hold  the  greatest 
promise,  because  their  use  allows  a  high  resolution  and  a  high 
sensitivity  to  be  obtained.  This  effect  is  associated  with  the  highly 
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delocalized  Ti-electron  states  in  polyimide.  making  possible  control 
over  its  properties. 

In  the  present  work  dynamic  characteristics  of  LC  SLM  with  the 
photosensitive  layer  based  on  fullerene  doped  polyimide  have  been 
investigated. 


EXPERIMENT 

LC  SLM  had  the  typical  structure  [8,9].  For  the  purpose  of 
sensitization,  the  polyimide  solution  in  1,1,2,2,-tetrachloroetane  (TCIE) 
was  doped  with  ftillerene  C6o  or  the  fullerene  mixture  of  87%  C6o  and 
13%  Cvo.  The  fullerene  concentration  in  polyimide  was  0.25-0.5  wt.%. 
The  compound  was  poured  over  a  substrate  and  dried  to  remove  the 
solvent.  The  thickness  of  photosensitive  layer  was  1-2  pm.  ZhK1289 
and  E7  (BDH)  nematic  LCs  were  used  as  an  modulated  layer  of  5- 
10  pm  in  thickness.  Under  the  Raman-Nath  diffraction  conditions,  a 
holographic  grating  was  recorded  with  a  pulsed  Nd-laser  at  a 
wavelength  of  532  nm  and  a  pulsewidth  of  15  ns  (Fig.  1).  It  should  be 
noticed  that  the  laser  wavelength  fell  within  the  overlap  band  of  the 
frillerene-polyimide  solution  absorption  spectrum  with  the  polyimide 
fluorescence  spectrum. 


FIGURE  I  Experimental  setup.  SHC  ~  second  harmonic  converter; 
Ml  and  M2  -  rotating  mirrors;  BS  -  beam-splitting  mirror;  PD|  and 
PD2  -  photodetectors;  SLM  -  LC-SLM;  and  L  -  lens. 
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The  readout  was  carried  out  by  a  CW  He-Ne-laser  (X,=633  nm)  with 
the  power  density  of  100  pW-cm'^  in  the  collimated  beam  of  diameter 
5  mm.  Both  the  grating  vector  and  the  vector  of  the  readout  beam  field 
were  aligned  with  the  LC  director  during  writing  and  readout. 

Both  pulsed  and  dc  voltage  was  applied  to  supply  LC-SLM. 
Rectangular  pulses  with  amplitude  of  60  V,  width  of  90  ms,  and 
repetition  frequency  of  1  Hz  were  used  as  the  pulsed  supply  voltage.  A 
voltage  of  60-90  V  was  applied  as  the  dc  supply  voltage.  LC-SLM 
operated  in  the  transmission  mode.  The  5-type  electro-optical  effect 
was  used. 


RESULTS  and  DISCUSSION 

Dependence  of  diffraction  efficiency  (q)  on  the  write  energy  density 
(JVvit)  is  presented  in  Fig.  2  for  LC  SLM  with  fullerene-doped 
polyimide  and  dye-sensitized  polyimide  at  spatial  frequency  of 
90  mm  '.  I-V characteristics  for  fullerene-doped  polyimide  is  shown  in 
the  inset. 


FIGURE  2  Dependence  of  diffraction  efficiency  q  on  a  write  energy 
density  IFwr  for  (1)  fiillerene-doped  PI  LC  SLM  and  (2)  dye-sensitized 
PI  LC-SLM;  in  the  inset,  I-V  dark  and  light  characteristics  of  fullerene- 
doped  PI. 
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It  should  be  noticed  that  the  a  similar  decrease  in  r\  at  high  was 
observed  for  other  SLM[10]  and  for  individual  LC  composites  [I  I]. 
The  decrease  in  T)  at  600-700  pJ  cm'^  was  associated  with  two 
reasons  [11,12].  The  first  one  was  both  the  breaking  of  side  groups  and 
the  disruption  of  conjugation  chains  of  the  polyimide  molecule  under 
the  intense  laser  irradiation.  The  second  one  was  the  dissociation  of  LC 
molecules  also  under  the  intense  laser  irradiation,  in  the  latter  case  the 
concentration  of  traps  increased  limiting  current  through  SLM.  The 
trapped  carriers  formed  local  electric  fields,  which  caused  a  disturbance 
of  optimal  write-read  conditions,  decreasing  r|  and  hence  resolution  of 
SLM.  However,  recent  investigations  on  reverse  saturable  absorption  in 
fullerene-doped  PI  [13,14]  films  have  shown  that  the  transmission  of  a 
polyimide  film  is  linear  up  to  energy  density  of  0.77-0.85  J  cm'^  at  the 
fullerene  concentration  of  0.25-0.3  wt.%.  At  higher  energy  density  the 
limiting  of  laser  radiation  transmission  began.  Therefore,  the  decrease 
in  r|  of  LC  SLM  at  >  600  pJ  cm‘^  is  related  to  the  LC  molecule 
dissociation  rather  than  the  structural  changes  in  polyimide. 

In  the  present  paper  it  has  been  found  that  the  introduction  of 
fullerenes  into  the  polyimide  photosensitive  layer  reduced  t|  of  LC 
SLM  (Fig.  2,  curve  1 ),  but  it  improved  the  threshold  sensitivity,  which 
was  defined  as  at  ti  -  1%.  The  basic  characteristics  of  LC  SLM, 
namely,  diffraction  efficiency  (ri)  at  spatial  frequency  of  90-100  mm’*, 
sensitivity  (S),  switch-on  time  (u)  and  switch-off  time  (ton),  with  the 
fiillerene-doped  PI  photosensitive  layer  are  presented  in  the  Table  1. 
The  results  for  other  PI  LC  SLMs  are  given  for  comparison. 

TABLE  I  Basic  characteristics  of  LC  SLM. 


Photosensitive 
layer  of  LC  SLM 

h, 

% 

ms 

ton, 

ms 

s. 

Supply 

voltage 

Write 

mode 

Ref 

Non-sensitized 

PI 

- 

250 

700 

10' 

dc 

dc 

[15] 

Non-sensitized 

PI 

18* 

50 

500 

5x10-^ 

dc 

pulsed 

[16] 

Dye-sensitized 

PI 

10 

10 

120 

10'^ 

pulsed 

pulsed 

[9] 

Fulierene-doped 

PI 

7 

5 

80- 

100 

5x10'’ 

dc 

pulsed 

this 

work 

*  This  experiment  was  carried  out  at  spatial  frequency  of  40  mm''. 
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As  seen  from  this  Table  1,  the  diffraction  efficiency  of  LC  SLM 
with  fullerene-doped  PI  was  less  than  that  for  LC  SLM  with  fiillerene- 
free  PL  This  effect  is  related  to  faster  relaxation  of  the  holographic 
grating  at  the  fullerene-doped  PI  -  liquid  crystal  interface.  Really,  the 
increase  in  photoconductivity  of  fullerene-doped  PI  film  was 
found  [14].  Because  an  energy  of  conductivity  activation  coincides 
with  an  energy  of  mobility  activation  in  polyimides  and  the  change  in 
conductivity  is  determined  by  carrier  mobility  rather  than  carrier 
concentration  over  wide  ranges  of  temperatures  and  electric  fields  [17], 
the  increase  in  photoconductivity  indicates  convincingly  that  carrier 
mobility  is  higher  in  fullerene-doped  PI.  It  should  be  noticed  that,  on 
the  other  hand,  the  fullerene  introduction  into  the  polyimide  solution  in 
TCIE  caused  bathochromic  shift  of  the  absorption  spectra  from  532  nm 
to  535  nm  and  545  nm  at  the  ftillerene  concentration  of  0.25-0.3  wt.% 
and  0.5  wt.%,  respectively  [13].  This  shift  is  evidence  for  an  increase  in 
the  poly  conjugation  chain  length  and  hence  in  carrier  mobility. 
Therefore,  higher  carrier  mobility  in  fullerene-doped  PI  results  in  faster 
relaxation  of  the  holographic  grating  and  hence  in  better  temporal 
characteristics  of  LC  SLM  with  fullerene-doped  PI  (Table  1). 

The  improvement  in  sensitivity  of  LC  SLM  with  fullerene-doped  PI 
is  associated  with  a  creation  of  charge-transfer  complex  between  a 
donor  (triphenylamine)  fragment  of  the  matrix  PI  molecule  and 
fullerene,  which  has  the  electron  affinity  twice  as  large  as  that  of 
acceptor  PI  fragment.  The  absorption  cross  section  of  new  complex  is 
several  orders  of  magnitude  more  than  the  one  of  initial  PI  complex 
,[18].  This  peculiarity  allows  the  device  sensitivity  to  be  improved 
significantly.  The  efficiency  of  fullerene  sensitization  for  organic  Pis 
was  shown  by  us  before  [13,18]. 


CONCLUSION 

In  conclusion,  the  basic  characteristics  of  LC  SLM  based  on  fullerene- 
doped  PI  were  studied  using  second  harmonic  of  a  pulse  Nd-laser.  The 
decrease  in  diffraction  efficiency  of  fullerene-doped  PI  LC  SLM  was 
shown.  This  fact  is  caused  by  faster  relaxation  of  the  holographic 
grating  in  fullerene-doped  PI  LC  SLM.  The  significant  improvement 
(from  lO"^  to  5x10'^  J-cm'^)  in  sensitivity  was  found.  This  effect  is 
explained  by  a  creation  of  additional  donor-acceptor  complexes  in  the 
system  investigated. 
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Abstract.  We  present  an  experimental  realisation  of  optical  correlation 
for  a  real-time  pattern  recognition  by  means  of  a  joint-Fourier  transform 
correlator.  The  correlator  operates  with  a  liquid-crystal  active  matrix 
spatial  light  modulator  at  the  input  data  plane  and,  designed  by  us, 
optically  addressed  liquid  crystalline  spatial  light  modulators  at  the 
recording  plane  allowing  both  dynamic  input  and  dynamic  filtering.  We 
test  two  different  types  of  optimised  liquid  crystal  cells  acting  as  OA 
SLM’s:  (i)  nematic  liquid  crystal  doped  with  0.4%  w/w  anthraquinone 
dye  and  (ii)  hybrid-  photoconducting  polymer  -  nematic  liquid  crystal 
structure.  We  discuss  performance  characteristics  of  the  correlator. 


Keywords:  liquid  crystal;  spatial  light  modulator;  real-time  holography; 
optical  correlator,  pattern  recognition 


1.  INTRODUCTION 

Real-time  processing  of  optical  information  is  nowadays  possible 
because  many  materials  have  been  developed  which  show  capability  of 
dynamic  hologram  recording.  Among  those  materials  liquid  crystals 
devices  such  as  electrically  addressed  spatial  light  modulators  (EA  LC 
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SLM’s)  and  optically  addressed  ones  (OA  LC  SLM’s)  play  important 
roles.  In  this  work  we  will  focus  our  attention  to  the  newly  discovered 
liquid  crystalline  OA  SLM’s  [1-5]  which  perform  principal  function  in  a 
Fourier  plane  of  the  optical  correlator. 

2  OPTICAL  CORRELATOR 

Pattern  recognition  is  the  main  task  of  an  optical  correlator  This  goal 
can  be  realised  by  architectures  of  different  types.  We  assembled  a  joint- 
Fourier-transform  (JFT)  optical  correlator  [6]  having  the  active  matrix 
LC  SLM  for  data  input  and  optically  addressed  LC  SLM  for  optical  data 
processing.  The  optical  diagram  shown  in  Figure  1  illustrates  the 
principle  of  correlator  functioning.  An  expanded  and  collimated  beam 
coming  from  the  cw  Nd:YAG  laser  doubled  in  frequency  (X  =  532  nm) 
illuminates  an  input  mask  containing  objects  to  be  recognised 


FIGURE  1.  Scheme  of  a  joint-Fourier-transform  optical  correlator 
having  the  LC  SLM  electrically  addressed  for  input  data  and  optically 
addressed  LC  SLM  for  optical  data  processing.  Focal  length  f  280 
mm,  expanded  beam  diameter  c/  =  20  mm 
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In  a  more  advanced  version  an  input  mask  was  replaced  by  a 
transmissive  active  matrix  spatial  light  modulator  (VGA  640x480  pixels, 
KOPIN,  USA)  basing  on  twisted  nematic  structure.  This  EA  SLM 
(15x11  mm  in  size)  was  steered  by  a  computer  and  operated  at  a  frame 
rate  of  25  images  per  second.  The  patterns  (images,  textual  data  and 
binary  data)  could  either  be  displayed  in  an  amplitude  mode  (using  a  light 
polarizer  at  the  rear  face  of  the  SLM)  or  in  a  phase  mode  without  it.  The 
Fourier  lens  (f  =  300  mm)  performs  a  joint-Fourier  transform  of  all  input 
images  and  project  them  on  the  liquid  crystalline  OA  SLM  situated  at 
the  focal  plane  of  this  lens.  Obviously  identical  objects  give  matching 
Fourier  transforms.  At  light  overlap  regions  of  these  transforms  the 
diffraction  phase  gratings  (holograms)  are  formed.  Their  periods  and 
orientations  (gratings  wave  vectors)  are  dependent  on  mutual  position  of 
the  objects  in  the  input  plane  ( A  :=  X,  /  (2  sin0)  where  26  is  an  angle 
between  the  incidence  directions  of  respective  Fourier  transforms.  These 
holograms  are  then  reconstructed  by  another  laser  beam  (HeNe,  X,  = 
632.8  nm)  illuminating  the  centre  area  of  the  Fourier  plane.  The  first 
order  diffracted  waves  contain  the  correlation  signal  of  the  input  objects. 
The  less  similar  are  the  objects  the  weaker  gratings  are  formed  in  the 
liquid  crystal  panel  and  consequently  the  lesser  amount  of  light  from 
reading  laser  is  diffracted.  The  correlation  peaks  are  registered  by  a  CCD 
camera,  fed  to  the  computer  and  analysed  with  an  Image  ProPlus 
programme.  We  noticed  that  the  correlation  peaks  for  objects  displayed 
by  active  LC  matrix  were  less  visible  when  compared  to  that  obtained 
when  lithographically  prepared  masks  were  used.  We  link  this  with  much 
lower  contrast  and  resolution  of  images  displayed  by  EA  SLM  than  that 
provided  by  the  masks. 


3.  LIQUID  CRYSTALLINE  OPTICALLY  ADDRESSED  SLM’s 

We  prepared  two  types  of  LC  panels.  First  one  consisted  of  a  planarly 
oriented  multicomponent  nematic  mixture  (low-angle  rubbing,  tilt  2  -  3°) 
doped  with  an  anthraquinone  dye  (1  %  w/w)  [1-3]  which  acted  as  a 
photoconducting  dopant.  Such  LC  panel  is  particularly  suitable  for 
optical  correlation  purposes  as  the  holographic  gratings  can  be  written 
under  normal  light  incidence.  6.3  ^im  thick  LC  layer  made  that  the 
system  operated  within  the  Raman-Nath  light  diffraction  regime  and  the 
written  holograms  could  be  read  at  any  incidence  angle  (no  Bragg 
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anglular  selectivity).  The  diffraction  efficiencies  measured  in  the 
described  panels  were  of  the  order  of  1%  making  well  visible  correlation 
spots.  Long-time  operation  required  frequent  voltage  reversal  (±  10  V) 
in  order  to  prevent  possible  memory  effects  and  electrochemical 
reactions  at  electrode  areas.  The  total  light  intensity  entering  the  LC 
panel  was  kept  well  below  300  mW/cm^  in  order  to  avoid  damage  of  the 
system  by  an  excessive  heat  at  the  focal  point. 

The  second  type  panel  was  a  hybrid  structure  containing  a  pure 
nematic  liquid  crystal  (E-7  Merck)  sandwiched  between  two  polymeric 
photoconducting  electrodes  [4,5]  We  employed  polyfoctylothiophene) 
as  a  dual  function  alignment  inducing  and  photoconducting  layer.  Two 
principal  effects  occur  under  light  illumination:  (i)  formation  of  spatially 
modulated  space  charge  in  a  photoconducting  polymeric  layer  and  (ii) 
mapping  of  the  space  charge  electric  field  into  respective  changes  of  an 
effective  refractive  index  of  nematic  liquid  crystal  (via  the  process  of 
molecular  reorientations  along  the  electric  field  lines).  Contrary  to  the 
dye-doped  liquid  crystals,  where  charge  carrier  transport  and  index 
modulation  occurs  within  the  same  medium,  in  the  latter  solution  these 
functions  are  separated,  thus  electrode  as  well  as  photochemical  side 
reactions  are  avoided  improving  the  durability  of  the  panel.  The 
disadvantageous  for  optical  correlator  construction  is  the  necessity  of 
sample  tilting  for  obtaining  an  efficient  hologram  recording. 

4  PERFORMANCE  OF  THE  JFT  CORRELATOR 

Figure  2  shows  the  experimental  results  for  pattern  recognition 
by  optical  correlation.  The  cross  has  been  identified  among  the  simple 
symbols  and  localised  among  other  symbols.  In  the  centre  of  Figure  2  we 
show  the  correlation  spots  together  with  the  3D  plots.  The 
autocorrelation  peaks  between  two  crosses  (cf  Fig.  2)  are  distinctly 
stronger  (250  arbitrary  units)  than  the  correlations  between  the  different 
symbols.  Due  to  nonuniform  illumination  of  the  input  scene  and  different 
carrier  frequencies  of  the  gratings  for  the  individual  objects  the 
autocorrelation  peaks  differ  in  intensity. 

Observation  of  a  rise  time  of  a  correlation  peak  intensities  after 
the  laser  beam  opening  allowed  us  to  study  the  dynamics  of  the  systems. 
Typically  rise  times  amounted  to  20  ms  and  the  decay  time  of  the 
diffracted  signal  measured  after  blocking  one  of  the  beams  amounted  to 
30  ms.  Then  the  entire  recognition  process  in  our  system  has  been 
completed  within  50  msec,  and  the  system  was  ready  for  a  new  task. 
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FIGURE  2  Experimental  results  of  image  recognition  with  the  use  of 
OA  LC  SLM’s  described  in  this  paper.  On  the  left  are  shown  objects  in 
the  input  scene,  in  the  middle  the  correlation  spots  observed  in  the 
output  plane  and  on  the  left  their  3D  plots 

The  thickness  of  recording  material  d  is  related  to  the  focal 
length  f  of  Fourier  transform  lens  by  the  formula  [7]: 


In  this  formula  h  is  the  offset  of  the  image  (h  =  8  mm),  Lc  is  the  size  of 
the  correlation  plane  (here  we  take  the  diameter  of  a  reading  beam,  Lc  = 
2  mm),  n  is  the  refractive  index  of  the  liquid  crystal  (n  =  1 .6).  In  our  case 
minimal  focal  length  should  ftilfil  the  relation  f  >  1 1  mm.  This  result  is 
encouraging  because  the  considerable  reduction  of  the  total  size  of  the 
optical  system  is  possible. 

For  a  long-time  use  the  LC  panel  should  be  biased  by  a  voltage 
changing  its  sign  after  each  cycle  of  a  hologram  recording  in  order  to 
avoid  possible  memory  effects  and  electrochemical  reactions  at  electrode 
areas.  The  light  intensity  level  entering  the  LC  panel  should  be  kept  well 
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below  300  mW/cm^  in  order  to  avoid  damage  of  the  system  by  excessive 
heat  at  the  focal  point.  The  drawback  of  the  presented  system  is  a 
relatively  low  signal  to  noise  ratio  and  a  low  resolution  50  lines/mm. 

In  conclusion  we  demonstrated  a  liquid  crystal  based  optical 
correlator  (where  dye-doped  and  hybrid  polymeric  -  nematic  liquid 
crystal  were  used  as  optically  addressed  spatial  light  modulators)  This  in 
our  opinion  opens  up  possibility  for  constructing  a  reconfigurable  (within 
50  ms),  small  size,  low  intensity  and  low  operating  voltage  devices. 
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We  report  on  the  synthesis  of  three  highly  polar  chromophores  and 
their  use  as  dopants  in  poly(N-vinylcarbazole)  (PVK)-based 
photorefractive  (PR)  polymer  composites  sensitized  with  (2,4,7- 
trinitro-9-fluorenylidene)malononitrile  (TNFDM).  Small  alterations  in 
the  amino  donor  group  substituents  were  used  to  tune  the  dye's 
ionization  potential  (Ip)  by  0.2  eV.  At  780  nm  and  an  applied  field  of 
59  V/|im,  we  observed  complete  internal  diffraction  and  a  gain 
coefficient  of  167  cm“l.  Diffraction  efficiency  and  gain  coefficient,  as 
well  as  the  PR  phase  shift,  were  found  to  correlate  with  the 
chromophore  Ip, 


Keywords:  photorefractivity;  ionization  potential;  chromophore. 


INTRODUCTION 

The  formation  of  a  refractive  index  grating  through  the  PR  effect 
involves  the  creation  of  charges  through  the  absorption  of  light,  the 
diffusion,  migration,  and  trapping  of  the  free  carriers,  and  the 
modulation  of  the  refractive  index  by  the  space-charge  field  thus 
established  11],  The  most  efficient  polymer  composites  developed  so 
far  were  based  on  a  photoconductive  poly(N-vinylcarbazole)  (PVK)  / 
N-ethylcarbazole  (ECZ)  matrix,  doped  with  a  nonlinear  optical  chro- 
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mophore.  When  doped  with  the  sensitizer  (2,4,7-trinitro-9-fluoren- 
ylidene)malononitrile  (TNFDM),  these  composite  materials  show  very 
good  PR  performances  at  an  excitation  wavelength  of  780  nm.  The 
Figure-Of-Merit  for  chromophores  in  photorefractive  applications  is 
given  by  FOM  -  AAafi^  +  fiP,  where  Aa  is  the  polarizability  aniso¬ 
tropy,  jd  the  dipole  moment,  p  the  first  hyperpolarizability,  and  A  - 
2/(9kT)  is  a  scaling  factor)  [2].  Optimization  of  this  Figure  of  Merit, 
together  with  the  lowering  of  the  glass  transition  temperatures  of  the 
polymers  [3],  has  lead  to  strong  improvements  in  the  photorefractive 
performances.  Another  issue  that  has  attracted  attention  recently  is  the 
effect  of  the  chromophore’s  ionization  potential  (Ip).  Theoretically,  an 
increase  in  donor  strength  can  increase  the  PR  Figure-Of-Merit,  and 
improve  the  diffraction  efficiency  of  the  PR  polymer,  but  can  also 
reduce  the  chromophore  Ip  and  thus  affect  the  transportation  process  of 
the  charges.  Since  this  transportation  process  is  of  paramount 
importance  in  the  photorefractive  grating  formation,  it  can  lead  to 
changes  in  the  photorefractive  characteristics,  such  as  buildup  speed, 
refractive  index  modulation  amplitude,  and  photorefractive  phase  shift. 


RESULTS  AND  DISCUSSION 


Section  1 

The  three  D-xc-A-chromophores  that  were  used  as  dopants  in  the 
photorefractive  PVK-based  composites  are  shown  in  Figure  1.  We  have 
determined  the  magnitude  of  the  most  important  factor  in  the  figure  of 
merit  (AajJ.^),  by  means  of  an  ellipsometric  technique  [4].  This  enables 
us  to  compare  the  relative  efficiencies  of  the  different  chromophores  in 
the  photorefractive  PVK  composites.  The  results  of  the  ellipsometric 
measurements  are  listed  in  Table  1. 


a  be 


FIGURE  1  Structures  of  the  chromophore.s  used  in  the  photorefractive  poly¬ 
mer  composites. 

Apart  from  Aafl^,  the  and  the  ionization  potentials  Ip  of  the 
different  chromophores  were  determined  (see  Table  1).  The  ionization 
potentials  of  the  chromophores  were  calculated  from  cyclic 
voltammetry  experiments  using  the  ferrocene/ferrocenium-ion  couple 
as  an  internal  standard. 
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The  photorefractive  composite  materials  A,  B,  and  C  contained 
28.5  wt.  %  of  the  chromophores  a,  b,  and  c,  respectively,  and  the 
PVK/ECZ  ratio  was  adjusted  to  equalize  the  glass  transition 
temperatures  and  hence  the  contributions  of  birefringence  to  the  total 
refractive  index  modulation.  1  wt.  %  of  TNFDM  was  added  as  an 
external  sensitizer. 


Chromophore 

Aafi^ 

(■  10'57  esu) 

2 

^max 

(nm) 

Ip(eV) 

t?{°) 

at  60  V/|iin 

a 

5.1  ±0.5 

496 

5.59 

37 

b 

5.5  ±  0.5 

516 

5.46 

29 

c 

6.5  ±  0.5 

499 

5.40 

25 

TABLE  1  Values  of  Aafi^,  chromophores  a,  b,  andc.  r? 

is  the  photorefractive  phase  shift  in  samples  A,  B,  and  C,  at  60  V/|im.  See 
Section  2. 


In  the  standard  model  of  photorefractivity  for  PVK-based  polymers,  the 
charges  with  the  highest  mobility  are  holes,  that  migrate  by  hopping 
from  carbazole  to  carbazole.  However,  if  the  ionization  potential  of  a 
dopant  molecule  in  the  PVK-matrix  is  smaller  than  that  of  carbazole  (Ip 
of  ECZ  =  5.9  eV),  as  is  the  case  for  the  chromophores  used  in  this 
work,  an  electron  can  be  transferred  from  the  dopant  molecule  to  the 
carbazole  cation.  We  have  verified  this  by  measuring  photocon¬ 
ductivity,  that  is  a  convolution  of  both  photogeneration  and  mobility. 
Similar  to  what  has  been  observed  by  Pai  et  al.  in  TPD-doped  carbazole 
[5],  we  observed  a  large  decrease  in  photoconductivity  upon  doping 
PVK  with  small  amounts  of  chromophore  c. 

The  injection  of  holes  from  the  carbazole  manifold  into  the 
chromophore  manifold  results  in  a  stabilization  of  the  positive  charge 
since  the  chromophore  has  the  smallest  ionization  potential.  Due  to  the 
stabilization  of  the  positive  charges,  a  larger  number  density  of  charges 
accumulates  in  the  film,  including  a  larger  number  density  of 
negatively  charged  species.  Then,  the  chromophores  act  as 
compensators  in  the  photoconducting  matrix  [6].  The  time  the  charges 
spend  on  the  compensator,  depends  on  the  ionization  potential 
difference  between  the  compensator  chromophore  and  the  carbazole 
host  (Alp).  Consequently,  the  total  amount  of  free  charges  scales  with 
the  Alp  between  carbazole  and  the  compensator. 

In  the  model  proposed  by  Grunnet-Jepsen  et  aL,  the 
compensator  is  an  inactive  trap,  and  its  only  function  is  the  buildup  of  a 
larger  active  trap  density  [6].  A  factor  that  has  not  been  taken  into 
consideration,  however,  is  the  percolation  of  holes  between  the 
chromophores.  In  the  photoconductive  experiments,  the 
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photoconductivity  decreases  as  small  amounts  of  chromophores  are 
doped  into  PVK,  but  then  increases  as  more  chromophore  is  added. 
This  is  similar  to  what  has  been  observed  by  Pai  et  al.  [5],  and  suggests 
that  the  chromophore  participates  in  the  charge  transport  in  the 
composites  discussed  in  the  present  paper.  The  charge  transporting 
abilities  of  the  chromophores  were  further  verified  by  assembling  a 
sample  containing  chromophore  a,  doped  in  an  inert  polycarbonate 
(PC)  matrix.  Dioctyl  phtalate  (DOP)  was  added  to  lower  the  glass 
transition  temperature  (Tg)  of  the  sample.  The  sample  had  a 
composition  of  PC/chromoj^ore  a/DOP/TNFDM:  53/27/19/1  wt.  ratio. 
Apart  from  photoconductivity,  the  sample  also  showed  good  photore- 
fractive  performances,  with  a  diffraction  efficiency  of  33%  and  a  gain 
coefficient  of  52  cm-i  at  an  applied  field  of  60  V/pm.  Since  no  other 
charge  transporting  molecules  were  present,  the  charge  transport  in  this 
sample  clearly  occurs  in  the  chromophore  manifold. 

Section  2 

In  this  section  we  discuss  the  correlation  between  the  ionization 
potentials  of  the  chromophores,  the  steady  state  two-beam  coupling 
gain  coefficients,  and  degenerate  four-wave  mixing  (DFWM) 
diffraction  efficiencies.  If  the  space-charge  field  is  not  completely 
saturated,  the  amplitude  of  the  space-charge  field  and  the  refractive 
index  modulation  will  scale  with  the  charge  density  in  the  polymer 
film.  As  was  explained  in  Section  1,  the  total  amount  of  free  charges  in 
the  photorefractive  material  scales  with  the  difference  in  ionization 
potential  between  carbazole  and  the  chromophore.  A  chromophore  with 
a  lower  Ip  has  a  stronger  compensating  role,  and  a  larger  charge  density 
accumulates  in  the  film.  Consequently,  both  space-charge  field  and  the 
refractive  index  modulation  can  be  expected  to  enlarge.  This  was 
confirmed  experimentally  by  measuring  diffraction  efficiencies  and 
two-beam  coupling  gain  coefficients. 

The  diffraction  efficiencies  of  samples  A,  B  and  C  are  shown  in 
Figure  2.  Using  Kogelnik’s  coupled  wave  theory  for  thick  holograms 
[7],  the  amplitude  of  the  refractive  index  modulation  was  calculated 
from  the  diffraction  efficiency.  Filling  in  all  the  geometry  and 
absorption  factors,  we  obtain  the  following  relationship  for  the  internal 
diffraction  efficiency: 


ri  =  sin^(586  An)  (1) 

We  have  determined  the  refractive  index  modulation  of  sample  C  to  be 
2.2  times  larger  than  that  of  sample  B.  For  samples  B  and  A  the  ratio 
was  1.6.  The  measured  ratios  in  Aafi^  (1.2  and  1.06,  respectively,  see 
section  1)  hence  cannot  explain  the  much  larger  difference  in  refractive 
index  modulation,  which  leads  to  the  conclusion  that  the  refractive 
index  modulation  partly  is  determined  by  the  amplitude  of  the  space- 
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charge  field,  and  by  the  difference  in  Ip  between  carbazole  and  the 
chromophore,  as  was  anticipated. 


Applied  electric  field  (V/nm) 


FIGURE  2  Diffraction  efficiencies  for  samples  A,  B,  and  C. 

As  can  be  seen  in  Figure  3,  the  two-beam  coupling  gain 
coefficient  F  follows  the  same  tendency  as  the  diffraction  efficiency. 


Applied  electric  field  (V/pm) 


FIGURE  3  Gain  coefficients  for  samples  A,  B,  and  C. 

This  was  expected,  since  the  gain  coefficient  is  directly  proportional  to 
the  product  of  the  refractive  index  modulation  amplitude  and  the  sine 
of  the  phase  shift  between  the  space-charge  field  and  the  interference 
pattern: 


r  =  ^[e^e2)'An^sim^  (2) 

A  is  the  optical  wavelength,  and  ^2  are  the  polarization  vectors  of 
the  two  writing  beams,  An  is  the  refractive  index  modulation,  and  t?  is 
the  phase  shift  between  the  space-charge  field  and  the  interference 
pattern  generated  by  the  interacting  beams.  Sample  C  shows  a  gain 
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coefficient  of  167  cm-’  at  a  field  of  59  V/|im,  while  complete  internal 
diffraction  also  occurs  at  that  field. 

From  the  gain  coefficient  and  the  diffraction  efficiency,  the 
phase  shift  can  be  calculated,  combining  equations  (1)  and  (2).  The 
calculated  phase  shifts  in  samples  A,  B,  and  C  at  an  applied  field  of  60 
V/pm  are  shown  in  Table  I .  As  the  Ip  of  the  chromophore  decreases 
(Alp  between  chromophore  and  carbazole  increases),  smaller  phase 
shifts  are  observed.  This  points  out  that  more  effective  traps  are  present 
if  Alp  is  large.  The  charges  then  have  more  difficulties  migrating 
towards  the  darker  parts  in  the  illumination  pattern.  It  agrees  with  the 
observations  of  reference  6,  that  chromophores  with  a  smaller  Ip  have  a 
stronger  compensating  role,  and  that  a  larger  concentration  of 
photoreduced  sensitizer  accumulates  in  the  polymer.  Since  the  latter 
acts  as  a  photorefractive  trap  and  hinders  the  hole  transport  in  the 
polymer,  a  larger  concentration  of  this  trap  produces  a  smaller  phase 
shift. 

In  conclusion,  we  have  tuned  the  ionization  potential  of  three 
chromophores  by  small  alterations  in  the  amino  donor  group 
substituents.  The  steady-state  amplitude  of  the  index  gratings  and  the 
photorefractive  phase  shifts  in  the  PVK-based  composites  were  found 
to  correlate  well  with  the  chromophore  Ip. 
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Abstract  We  present  experimental  and  theoretical  details  on  how  to  analyze  the 
polarization  distribution  in  poled  second  order  nonlinear  optical  polymers  in  three 
dimensions.  The  polar  order  is  analyzed  in  both  the  lateral  and  vertical  directions 
by  scanning  second  harmonic  microscopy  at  various  wavelengths  along  the  ab¬ 
sorption  tail  of  the  polymer. 


Keywords  scanning  microscopy;  second  harmonic  generation;  polarization;  depth 
profiling;  homogeneity 


INTRODUCTION 

The  demand  for  high  performance  second  order  nonlinear  optical  (NLO)  polymers  is 
strongly  increasing  due  to  the  recent  need  of  high  speed  electro-optic  (EO)  components 
for  telecommunication  applications.  Requirements  for  these  polymers  are  low  optical 
loss,  large  EO  coefficient,  and  good  stability  (thermal  and  temporal  as  well  as  photosta¬ 
bility).  In  general,  electric  field  poling  at  temperatures  close  to  the  glass  transition  tem¬ 
perature  of  the  polymer  is  used  to  orient  the  NLO  chromophores  and  to  achieve  high  EO 
coefficients.  For  good  modulation  properties  and  low  loss  waveguiding,  most  device 
concepts  require  that  the  polar  order  and,  thus,  the  induced  change  in  refractive  index  be 
adequately  homogeneous  across  the  waveguide  dimensions.  Poling  induced  scattering 
centers  can  lead  to  high  optical  losses  and  must  therefore  be  avoided.  It  is  therefore  im¬ 
portant  to  analyze  how  homogeneous  the  obtained  nonlinearity  is.  In  this  paper,  we  will 
present  the  details  of  how  to  analyze  the  x'"'  profile  in  all  three  dimensions. 

THEORY 

In  the  following,  the  equations  describing  the  second  harmonic  (SH)  generation  in  a 
poled  polymer  (with  poling  axis  along  the  ;:-direction)  will  be  derived.  We  allow  for  an 
inhomogeneous  profile  of  the  SH  conversion  tensor  d,  that  is  d  can  be  a  function  of 
depth  f/(c).’  Furthermore,  the  absorption  of  the  SH  at  2cu  is  taken  into  account. 
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Let  us  assume  the  surface  of  the  NLO  polymer  to  be  perpendicular  to  the  :-direction  and 
the  plane  of  incidence  to  be  in  the  .v-:  plane.  The  fundamental  beam  with  electric  field 
£■„,  is  incident  at  an  angle  0  upon  the  polymer  surface  and  propagates  at  an  angle 
inside  the  polymer.  The  nonlinear  wave  equation  is  given  by: 


1  a-x  ax,-’ 

-T-T^  =  A)-X- 
c  a/'  ar 


(1) 


For  harmonic  infinite  plane  wave  propagation  and  this  .sample  orientation.  and  L,,, 
will  only  be  a  function  of  c.’  With 


kr  =  /rccos^,,, 

and  in  slowly  varying  envelope  approximation,  equation  (! )  then  reduces  to 
/cu'/i. 


a: 


,|J)  . 


2A',_,  cosf?,^ 

For  second  harmonic  generation  the  nonlinear  polarization  is  given  by: 

pS.!  ^  eJ,„ 

Rewriting  Eq.  .3  for  the  second  harmonic  field  (i.e.  £0  ^  2w  ).  one  obtains  for  ; 


aE,,„  ^  i(o 

a-  /j,,„ccos0i, 


with 


47r 

A  A  =  —  cos  a,,,  -  cost?,,, )  . 
A 


(2) 


(3) 


(4) 


(5) 


(6) 


For  a  weak  nonlinear  conversion  efficiency  (no  pump  depletion)  and  no  ab.sorption  at  O), 
X  can  be  regarded  as  constant.  It  is  then  sufficient  to  examine  only  the  following  equa¬ 
tion.  which  is  Eq.  5  modified  by  a  term  that  accounts  for  ab.sorption  at  2<y: 


aE;,,„  _  ia 
dz  «,„,t‘cosa,,, 


d,„E:,  -- 


-X,  ■ 


(7) 


2  cost?,,, 

For  s-polarization  and  an  inhomogeneous  d  profile  we  have  in  good  approximation 

<„  (")  ,  (8) 


and  one  obtains’  with  for  the  second  harmonic  intensity: 
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/j,,,  =exp[-aL/cos0j„^ 


T  sin'fl, 


i  \  0>  2  /-I 


/. 

jJ</,i(z)-exp[(iA/r  +o:/2cosfl,,„  ):V; 


(9) 


where  T  contains  the  transmission  losses  due  to  Fresnel  reflections  at  the  interfaces 
(quadratic  for  /„and  linear  for  Z,,,,).  Eq.  9  thus  permits  calculation  of  the  SH  intensity 
for  arbitrary  d{z)  profiles.  The  absorption  and  the  refractive  index  dispersion are  well 
known,  the  dispersion  of  d  can  be  calculated  or  approximated  using  the  two-level 
model."’ 

We  can  see  that  the  influence  of  the  exp(a  c/cos^,,,,)  term  under  the  integral  is  to 
weight  the  t/„(c)  distribution.  The  d^^  values  close  to  the  surface  at  -  =  L  contribute 
more  to  the  value  of  the  integral  than  those  values  close  to  c  =  0  .  The  larger  the  absorp¬ 
tion,  the  thinner  the  region  that  contributes  significantly  to  .  It  is  also  evident, 

that,  for  asymmetric  profiles,  it  matters  which  side  of  the  film  is  facing  the  detector. 

The  idea  of  how  to  obtain  a  3d  profile  of  the  distribution  is  to  generate  the  sec¬ 
ond  harmonic  in  the  NLO  polymer  for  various  wavelengths  and  film  orientations.  If 
these  wavelengths  are  chosen  such  that  the  absorption  coefficient  for  the  SH  wave  varies 
sufficiently  strong,  it  is  possible  to  obtain  a  depth  profile  of  Combined  with  a  con¬ 
ventional  2d  scan,  this  permits  to  obtain  a  3d  distribution.^ 

We  will  now  calculate  the  SH  intensity  as  a  function  of  wavelength  for  various 
profiles  of  </„(:,)  for  a  5pm  thick  P(DRl-MMA)  polymer  with  10  mol%  chromophore 
content  on  an  ITO  substrate  (soda  lime  glass)  at  an  angle  of  0  =  30°  for  two  sample  ori¬ 
entations  (A  and  B  as  defined  in  Fig.  1).  The  polymer  was  poled  in  parallel  plate  con¬ 
figuration  with  a  1 50nm  thick  top  gold  electrode.  The  gold  electrode  was  removed  after 
poling. 

In  Fig.  1,  the  arrows  indicate  that  various  electric  field  distributions  are  possible  in 
the  polymer  film.  We  keep  in  mind,  that  due  to  the  fact  that  we  apply  a  given  voltage  JJ 
between  the  electrodes,  the  integral  over  the  electric  field  between  any  two  points  of  the 
top  and  bottom  electrode  must  equal  U,  or  alternatively: 

i. 

jE(A-,y„U^Zz=(/  (10) 

0 


for  any  X]  and  vi,  where  we  have  defined  a  and  y  to  be  in  the  plane  of  the  ITO  electrode. 
There  is  a  direct  consequence  of  this  fact;  At  low  absorption  and  for  thin  samples 
( L  «  /  ,  where  /,  is  the  coherence  length),  the  SH  signal  is  in  good  approximation  pro¬ 
portional  to  the  square  of  the  integral  over  E.  Therefore,  a  2d  scanning  second  harmonic 
plot  at  such  a  wavelength  must  be  homogeneous  -  provided  that  diz)°^  E{z)  can  be 
taken  for  granted.  When  we  generate  the  second  harmonic  at  high  SH  absorption,  only 
light  originating  from  a  thin  surface  layer  is  detected.  The  2d  plot  now  can  reveal  strong 
variations  in  the  polar  order  close  to  the  surface. 
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In  Fig.2,  the  SH  intensity  is  compared  for  various  profiles.  Profile  #1  has  a  constant 
We  recognize  that  the  cur\'es  for  both  orientations  {A  and  B)  are  identical  except 
for  a  factor  that  ari.ses  from  the  different  (wavelength  dependent)  Fresnel  factors. 


FIGURE  I  Schematic  of  sample  geometry.  A:  Polymer  oriented  towards  de¬ 
tector.  B:  polymer  towards  laser.  The  small  arrows  sjmbolize  the 
different  internal  E  field  di.stribiitions  that  can  results  in  the  film. 


|nm)  >  (nm] 

FIGURE  2  Calculated  SH  intensity  vs  wavelength  for  various  profiles.  The  pro¬ 
files  are  shown  in  the  inset  (from  c  =  0  to  :  =  L  ).  The  /,,,  scale 
and  the  voltage  drop  across  the  sample  are  the  same  for  all  plots. 


In  Profile  #2.  we  calculated  the  response  for  a  step  profile.  Such  an  asymmetric  profile 
could  result  after  poling  if  injccicd  c/jorgc.v  are  trapped  close  to  the  injecting  electrode 
and  the  internal  electric  field  is  modified  due  to  this  charge  layer  (enhancement  in  the 


3D-POLARIZATION  DISTRIBUTION 


229 


sample  orientations  are  no  more  parallel  to  each  other.  For  smaller  wavelengths  there  is  a 
sub.stantial  difference  between  "front"  and  "rear"  side  of  the  film. 

Profile  #3  has  an  enhanced  field  at  both  electrodes.  If  the  polymer  has  a  high  ionic 
conductivity,  these  ions  can  migrate  from  the  bulk  towards  the  electrodes  and  be  trapped. 
Such  a  process  w'ill  result  in  a  lowering  of  the  electric  field  inside  the  polymer  and  in  an 
enhancement  at  one  or  both  electrodes,  depending  on  the  mobility  of  the  ions  and  the 
poling  conditions.  Finally,  profile  #4  models  a  (homogeneous)  space  charge  distribution 
in  the  bulk.  This  would  lead  to  a  (linear)  increase  in  the  internal  electric  field.  Please  note 
the  "crossover"  at  1230nm.  a  wavelength  below'  which  the  A  orientation  yields  a  higher 
signal  that  the  B  orientation,  as  expected  from  the  profile. 

We  have  limited  our  plots  to  a  wavelength  region,  in  which  the  dispersion  of  d  is 
well  described  by  the  two  level  model.  This  permits  the  absolute  values  of  the  SH  inten¬ 
sity  to  be  plotted.  The  various  profiles  were  all  normalized,  i.e.  they  can  all  result  upon 
the  application  of  the  same  voltage.  For  shorter  fundamental  wavelengths  that  are  closer 
to  the  absorption  maximum  at  A/2  =  470nm.  and  for  which  the  value  of  d  might  not  be 
known  precisely  enough,  one  has  to  compare  the  different  responses  from  the  two  sample 
orientations.  For  asymmetric  profiles,  this  ratio  can  be  substantially  different  from  1 . 

EXPERIMENTAL 

Figure  3  shows  the  experimental  setup  used  for  the  multi-A  scanning  second  harmonic 
microscopy.  As  a  tunable  laser  source  we  use  a  BBO  optical  parametric  oscillator  (OPO) 
from  GWU  that  is  pumped  with  a  tripled  Nd;YAG  (Spectra  Physics)  at  355nm. 


FIGURE  3  Multi-wavelength  scanning  second  harmonic  microscopy  setup. 

The  overall  tuning  range  of  the  OPO  is  from  about  400nm  to  2000nm  (signal  and  idler 
wave).  Other  la.sers  used  are  two  Nd.YLFs  at  1047nm  and  at  1313nm  and  a  HeNe  for 
alignment  purposes.  Various  Schott  filters  are  used  to  either  suppress  unwanted  pumping 
wavelengths  before  the  sample  or  to  block  the  fundamental  wavelength  after  the  sample. 
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A=1 130  nm 
high  absorption 


a=1313  nm 
low  absorption 


FIGURE  4 


A  B 

Scanning  second  harmonic  microscopy  images  at  1  1 30nm  and  at 
131 3nm  (orientations  A  and  B  as  defined  in  Fig.  I ) 


The  poling  homogeneity  for  a  given  polymer  can  depend  on  the  choice  of  the  substrate, 
the  cladding  and  the  electrode  material,  the  drying  and  evaporation  parameters  as  well  as 
the  poling  conditions.  Fig.  4  shows  a  measurement  at  >.=  l3I3nm  (low  absorption)  and  at 
X-1 13()nm  (high  absorption.  I/e  thickness  =  1pm)  for  a  5pm  thick  film  that  was  poled  at 
45()V  (dimensions:  width=7mm,  height=2.4mm.).  For  a  high  absorption  wavelength 
(top),  those  regions  that  have  an  enhanced  signal  for  one  sample  orientation  (e.g.  the  half 
moon  shaped  areas  in  A)  have  a  lower  value  if  the  sample  is  turned  around  (B),  as  re¬ 
quired  by  Eq.  10.  For  the  measurements  at  low  absorption,  the  field  is  homogeneous 
(with  some  variation  due  to  the  fact  that  the  thickness  is  no  longer  negligibly  small),  as 
predicted  by  theory.  The  half  moon  shaped  areas  are  precisely  at  the  boundary  between 
the  ITO  electrode  and  the  soda  lime  glass,  indicating  that  charge  injection  processes  at 
the  electrode  edges  lead  to  this  field  modification.  The.se  inhomogencitics  at  the  edges  of 
the  bottom  electrode  arc  not  observed  if  a  less  conductive  substrate  such  as  quartz  is 
used. 
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Abstract. 

Polyurethane  PU1-C4B  film  channel  waveguides  were  fabricated  by  photo- 
bleaching  process.  After  He-Cd  laser  operating  at  442  nm  with  9  kJ/cm“  was 
irradiated,  the  refractive  index  change  of  0. 1  was  observed  in  the  polymer  film. 
Phase  matched  second  harmonic  generation  (SHG)  at  415  nm  was  observed  in 
PU1-C4B  film  waveguide. 


INTRODUCTION 

Many  interests  have  been  paid  to  potential  applications  of  organic  materials  for  the 
future  photonic  devices  such  as  frequency  doubler,  light  modulator,  optical  switch,  and 
optical  amplification.  Many  kinds  of  materials  (inorganic  crystals,  organic  crystals,  thin 
films  fidrricated  by  LB  or  self-assembly  techniques,  organic-inorganic  hybrid  materials, 
etc.)  have  been  developaed  as  nonlinear  optical  materials.  Among  them,  poled  polymers 
have  advantages  in  regard  to  the  ease  of  fabrication  and  structural  modification. 

In  this  study  channel  waveguides  of  the  PU1-4CB  film  were  fabricated  via  photo- 
bleaching  process.  There  are  several  fabrication  processes  for  developing  channel 
waveguides  such  as  UV  lithography,  laser  ablation,  reactive  ion  etching  and  so  on.  It 
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was  shown  that  the  photo-bleaching  process  had  advantages  of  precise  index  control  of 
nonlinear  optical  polymers,  versatile  applicability,  simple  and  low  cost  process 


RESULTS  AND  DISCUSSION 

Organic  materials  have  a  lot  of 
advantages;  fast  response,  easy 
fabrication  process,  and  low  cost,  but 
the  long  term  stability  of  aligned 
dipoles  and  the  insufficient 
nonlinearity  in  poljTneric  systems  are 
the  major  handles.  Polyurethane  PU 1  - 
C4B  polymer  was  developed  to  solve 
this  problem.  The  molecular  structure 
of  the  polymer  is  shown  in  Fig,  1.  The 
molecule  has  a  covalently  attached 
stilbazolium  salt  chromophores  in  the 
side  chain. 

Polymer  film  was  spin-coated  on  a 
Pyrex  glass  substrate  as  shown  in 
Fig. 2(a),  and  He-Cd  laser  at  442  nm 
was  irradiated  on  the  spin-coated  films. 
The  width  of  the  UV  beam  was 
controlled  by  changing  the  distance 
between  the  film  sample  and  the  lens 
shown  in  Fig.2(b).  This  process 
lowered  the  refractive  index  of  the 
PU1-C4B  film.  After  He-Cd  laser  with 
9  kJ/cm^  was  irradiated,  the  refractive 
index  change  of  0. 1  was  observed  as 
shown  in  Fig.3.  The  refractive  index 
was  measured  by  the  m-line  method. 
This  charactaristic  reveals  that  channel 
waveguide  of  this  film  can  be  easily 
fabricated  via  this  photo-bleaching 


FIGURE  ]  Molecular  structure  of  PU1-C4B 
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(b)  Exposure  process  of  UV  li^t  on  the  sample 

Figure  2  Experimental  setup  of  (a)  the 
PU1-C4B  thin  film  preparation  and  channel 
waveguide,  and  (b)the  exposure  process  of 
UV  light  on  the  sample 
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process. 

Corona  discharge  was  utilized  to  induce  second 
ordere  nonlinearity  in  the  polymer  film  samples. 
Electrical  field  of  +  10  kV  was  applied  at  ISOT) 
to  the  tungsten  wire  for  15  minutes.  The  wire 
was  located  10  mm  above  the  polymer  film 
sample. 

Second  order  nonlinear  coefficient  of  the  PUl- 
C4B  film  was  determined  by  the  Maker-Fringe 
measurement.  The  initial  velue  of  dj.-,  in  corona- 
poled  PU1-C4B  film  was  32.8  pm/W. 
Comparatively  high  nonlinearity  is  considered 
to  be  induced  from  the  ionic  effect  of  NLO 
choromophore  and  the  high  number  density  of 
chromophores.  A  notable  feature  of  this 
polymer  system  is  the  extended  temporal 
stability  of  poled  dipoles.  The  initial  value 
remained  more  the  1  month  at  room 
temperature  after  the  corona-poling  process. 
Moreover  the  sample  retained  almost  70%  of 
the  initial  value  after  the  sample  was  kept  for 
100  hours  at  lOO'C.  This  result  indicates  that 
the  stabilization  effect  of  the  hydogen  bonds 
among  neighboring  polyurethane  chains 
prevented  the  relaxation  of  oriented  molucular 
dipoles. 

Cerenkov-type  phase-matching  condition  of 
second  harmonic  at  415  nm  was  estimated 
using  the  refractive  index  as  shown  in  Fig. 3. 
Fig.  4  shows  the  calculated  relation  between 
the  estimated  conversiton  efficiency  and  the 
film  thickness  using  the  values  of  refractive 
index  shown  in  Fig.3. 

Three  kinds  of  waveguides  were  fabricated 
on  a  spin-coated  film  sample  as  shown  in 
Fig.5.  Slab,  channel(lX50pm  width)  and 
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channel(2X20|im  wndth)  waveguides 
were  prepared.  OPO  pulse  laser  (pulse 
width  ~  10ns)  operating  at  830  nm  was  ^ 
utilized  as  a  fundamental  light  source.  |. 

The  fundamental  light  was  coupled  into  ° 
the  waveguides  by  the  prism  and  phase- 
matched  second  harmonic  generation 
was  observed  in  the  waveguides.  The 
relation  between  the  input  fundamental 
power  (peak  power)  and  the  output  SH 
power  is  shown  in  Fig,6.  It  can  been 
seen  in  the  result  that  better  conversion 

efficiency  was  achived  in  the  channel  waveguide  with  narrower  width. 

In  this  study  it  was  shown  that  this  photo-bleaching  process  had  advantages  of  precise 
index  control  of  nonlinear  optical  polymers,  versatile  applicability,  simple  and  low  cost 
process.  Further  research  will  make  this  photo-bleaching  process  and  this  new  material 
attractive  in  the  field  of  future  photonic  devices. 


10  10  10 
input/W 

Fig. 6  The  relation  between  the  input 
fundamental  power  and  the  output  SH  power 
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Abstract  A  new  class  of  push-pull  mesogenic  chromophores  based  on 
3, 3 ’-bipyridine  derivatives  are  synthetized.  The  versatile  chemistry 
employed  allows  easy  modification  of  the  7i-conjugated  core  and  of  the 
acceptor/donor  pair.  We  show  how  mesogenic  (DSC,  polarizing 
microscopy)  and  NLO  (EFISH)  properties  can  be  tuned  in  this  way. 
Furthermore,  these  chromophores,  transparent  at  optical 
communication  wavelengths  (1.32  and  1.55  pm),  can  be  grafted  as 
side-chain  on  polyepichlorhydrin.  Here  also,  they  lead  to  liquid  crystal 
or  isotropic  polymers  depending  on  the  chemical  modification. 


Keywords  liquid  crystals;  3,3 ’-bipyridine ;  push-pull  molecules; 
second-order  NLO ;  polymers 


1.  INTRODUCTION 

Progress  in  telecommunications,  optical  information  processing  and 
data  storage  aroused  the  interest  in  optoelectronic  organic  materials 
Among  them,  side-chain  liquid  crystal  polymers  (SCLCPs)  present 
several  advantages  for  second-order  nonlinear  optics;  they  allow  the 
preparation  of  thin  films  of  good  optical  quality  and  good  mechanical 
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properties.  Indeed,  the  axial  order  brought  by  LC  chromophores 
enhances  field-induced  polar  ordering  and  stability  of  the  films, 
therefore  improving  the  efficiency  of  these  materials  *^  '’1 

The  present  work  reports  on  the  synthesis  and  characterization 
of  (i)  new  mesogenic  chromophores  (Scheme  1)  efficient  in  second- 
order  NLO,  and  (ii)  corresponding  side-chain  polymers  (Scheme  2). 

Part  1  of  the  discussion  shows  how  mesogenic  and  NLO 
properties  of  the  chromophores  can  be  tuned  by  varying  the  nature  of 
attractive  or  donating  groups  (A/D  pair)  and/or  the  lateral  substituent  of 
the  bipyridine  core  or  phenyl  ring  (R,  and  Rj  respectively). 

In  the  second  part,  the  same  tuning  of  mesogenic  properties  is 
reported  for  side-chain  polymers. 


2.  EXPERIMENTAL  PART 
2.1.  Syntheses 


2.1.1.  Chromophores 

All  the  compounds  are  obtained  from  6,6’-dimethyl-3 ,3 ’-bipyridine  and 
5,5’,6,6’-tetramethyl-3,3’-bipyridine  according  to  Scheme  1,  as 
described  elsewhere  The  synthetic  route  is  a  two-steps 

Knoevenagel  condensation  under  acidic  conditions. 


APTS/DMF 

ISO'C 


A  -  CN  or  NO: 


SCHEME  1  Synthetic  route  of  the  chromophores 
According  to  their  'H-NMR  spectra,  the  chromophores,  noted 
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A-[7r  conjugated  system]-D,  present  two  trans  vinylene  units,  evidenced 
by  a  16  Hz  three  bound  coupling  of  trans  carbon-carbon  double  bond. 

2.1.2.  Polymers 

They  are  prepared  by  chemical  modification  of  polyepichlorhydrin 
(PECH,  A/^,  =  1680),  according  to  Scheme  2,  as  described  elsewhere 
Functionalized  polymers  are  purified  by  precipitation  into  hot  ethanol 
solution  and  dried  in  vaccuo. 


SCHEME  2  synthetic  route  of  the  side  chain  polymers 
2.2  Characterizations 

Chemical  structures  are  substantiated  by  NMR  and  elemental  analysis. 
The  transition  temperatures  are  measured  using  a  differential  thermal 
analyzer  (Dupont  1090)  operating  at  20°C/min,  under  nitrogen.  Phase 
assignements  are  based  on  polarizing  microscopy  (Nachet  equipped 
with  a  Mettler  Toledo  hot  stage).  UV-visible  absorbance  spectra  are 
recorded  on  a  spectrometer  (Perkin  Elmer  Lambda  18).  Second  order 
molecular  hyperpolarisabilities  are  measured  in  solution  (chromophore 
concentrations  of  5.10'^  to  10'^  moLL'^  in  dichloromethane)  by  Electric 
Field  Induced  Second  Harmonic  generation'^^  (EFISH)  at  1320  nm. 


3,  RESULTS  AND  DISCUSSION 

3.1.  Chromophores 

3.1.1.  Mesomorphic  Behavior 

Transition  temperatures  and  texture  observations  are  listed  in  Table  1 . 
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Compound 

Phase  -  T 

‘'(°C)-[AH‘’>  (J.g')] 

CN-[I]-OHex 

CN-[2]-OHex 

K-\1Q.1[}9.5]-S- 
K-m.9  [124.6] 

233.7 /6.97-N- 302.5  [0.3] -\ 

-N -287.7/3.27-  I 

Nb2-[2]-OHex 

N02-[3]-0Hex 

K- 92  A  [91] 

K-  \59A[66.7] 

-N-281.3//,97-I 

- 1 

CN-[I]-NBu: 

K  -  256.4  [48.6] 

- 1 

CN-[2]-N3^Hex 

K- 292.9  [52.2] 

-N-  327.3  /a  97 -I 

Nb2-[l]-NBu2 

K- 244.%  [36.6] 

-  I 

N02-121-  N^^Hex 

K-  193.3/67.37 

- N -  Td (>285) - 1 

a)  T:  transition  temperature;  b)  AH:  enthalpie  change  determined  by  DSC. 

K:  Crytal;  S:  smectic;  N:  nematic;  1:  isotropic  liquid;  Td:  decomposition  temperature 


TABLE  1  phase  transitions  of  the  chromophores 

Chromophores  bearing  the  OHex  donor  group  are  studied  with 
the  three  different  7i-conjugated  cores.  From  the  comparison  of  their 
mesogenic  behavior,  we  can  note  that: 

-  introducing  R,  (change  of  [1]  to  [2])  destabilizes  the  LC  character: 
smectic  phases  are  suppressed  and  the  apparition  temperatures  of 
nematic  and  isotropic  phases  are  decreased, 

-  introducing  R2  (change  of  [2]  to  [3])  reinforces  this  tendancy:  the 
chromophore  is  isotropic  whatever  the  temperature. 

With  NBu2  as  donor  group,  no  LC  phases  are  observed  (as  for 
Disperse  Red  1).  One  way  to  force  the  LC  nature  is  to  constrain  the 
amine  in  a  cycle  ( N^NHex  ). 

3.1.2.  Linear  and  nonlinear  optical  properties 

The  absorption  maximum  and  the  values  of  pp  and  pPo  are 

reported  in  table  2. 

All  the  chromophores  present  optical  transparency  ranges 
between  372  and  426  nm)  at  optical  communication  wavelengths  (1320 
and  1 550  nm).  The  red  shift  observed  when  increasing  the  A/D  strength 
(for  instance,  compare  X^^  of  CN-IlJ-OHex  and  NOj-flJ-NBuj)  is  an 
expected  effect  a  better  charge  transfer  stabilizes  the  first  excited 
state. 

For  NLO  results,  as  expected" replacing  a  weak  A/D  pair 
(CN/OHex)  by  a  stronger  one  (NOj/NBuj)  enhances  the  pp^  values  by  a 
factor  8.  On  the  other  hand,  R,  and  R2  have  no  noticeable  influence  on 
NLO  values. 
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Compounds 

in  nm 

pP.lO'^*  esu  (+10%) 

ppo-lO"'"'  esu  (+10%) 

CN-[l]-OHex 

372 

150 

95 

CN-[2]-OHex 

373 

130 

80 

N02-[2]-0Hex 

391 

325 

195 

NOi-Pl-OHex 

392 

300 

185 

CN-[1]-NBu2 

418 

1200 

645 

CN-[2]-N3^Hex 

398 

510 

295 

N02-[1]-NBU2 

426 

1480 

775 

N02-[2]-  N^IHex 

406 

765 

430 

}i,;  dipole  moment;  P:  first  hyperpolarisability;  Po-  first  hyperpolarisability 
extrapollated  to  infinite  wavelenghts 


TABLE  2  results  of  absorption  and  EFISH  measurements 

The  chromophores  bearing  NBu2  donor  group  show  better 
values  than  the  commonly  employed  dye  DRl  (ppo  =450.10’^*esu 
But  they  are  not  LC.  The  best  LC  compound  is  therefore  N02-[21-N^NHex 
which  is  about  as  efficient  as  DRl .  Indeed,  as  far  as  we  know  from  the 
literature  it’s  one  of  the  most  efficient  mesogenic  chromophore  for 
NLO. 

3.2.  Side-Chain  Polymers 

The  same  timing  of  LC  properties  by  chemical  modification  of  the  core 
is  observed  for  polymers. 

Polymers  with  core  [1]  are  inadequate  for  NLO  applications  since  they 
present  3  dimensional  smectic  phases,  whatever  the  A/D  and 
substitution  rate.  830  are  to  viscous  phases  to  enable  the  poling. 

On  the  contrary,  once  R,  is  introduced,  these  830  are  suppressed  (see  for 
instance  the  thermogram  in  Figure  1  .a.  of  a  SCLCP  with  N02-[2]-0H). 


a  b. 


FIGURE  1  a.  N02-(21-0H  grafted  at  80%  on  PECH 
b.  N02-[3]-0H  grafted  at  80%  on  PECH 
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The  subsequent  substitution  with  R2  leads  to  an  isotropic  polymer 
(Figure  l.b). 


3.  CONCLUSION 

The  study  of  a  series  of  new  3,3 ’-bipyridine  chromophores  shows  that: 

-  both  the  substitution  of  the  electronic  core  and  the  nature  of  A/D 
influence  the  mesomorphic  behavior, 

-  the  strenght  of  A/D  pair  affects  NLO  properties  while  substitution  of 
the  TT -conjugated  system  doesn’t. 

The  versatile  chemistry  used  allows  the  preparation  of  SCPs,  whose 
mesogenic  properties  can  be  tuned  in  the  same  way.  We  thus  obtain  a 
SCLCP  and  its  non  LC  homologue  (same  A/D  couple).  The  comparison 
of  their  poling  and  NLO  properties  should  evidence  the  effect  of  LC 
character.  These  studies  are  under  investigation. 
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The  effect  of  ultra-violet  illumination  on  the  absorption  spectrum,  the 
refractive  index,  and  the  scattering  losses  of  a  side-chain  polyimide  is 
investigated.  The  photobieaching  mechanism  is  monitored  through  visi¬ 
ble  and  infrared  absorption  spectra  and  the  transition  rates  between  the 
involved  molecular  states  as  well  as  other  material  parameters  are 
derived  using  a  simple  model  which  considers  four  different  molecular 
states. 


Keywords:  photobieaching,  waveguides,  polyimides 


INTRODUCTION 

Ultraviolet  photobieaching  is  one  of  the  most  commonly  used  methods 
for  forming  waveguide  structures  in  polymer  films  [1].  In  an  attempt  to 
understand  the  underlying  mechanisms  at  the  molecular  level,  several 
models  have  been  proposed  [2].  In  this  work,  we  study  the  effect  of 
ultra-violet  illumination  on  the  azo-dye-attached  side-chain  polyimide 
A-95.11  (shown  in  Figure  1)  used  for  electro-optic  applications  [3].  We 
determine  qualitatively  and  quantitatively  the  different  processes 
involved  in  photobieaching  making  use  of  the  absorption  spectrum  of 
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the  polymer  at  several  illumination  times  and  b\’  considering  a  simple 
model  where  four  molecular  states  are  involved. 


MEASUREMENTS 


UV-Vis  Absorption 


FIGURE  I  Absorption 
spectra  of  a  60  nm  thin  tilni 
of  polyimidc  A-95.11 
(structure  shown  below)  at 
several  illumination  limes 
with  a  mercury  lamp 
(1=117  mW/cm").  Possible 
molecular  conformations 
contributing  to  the  spec¬ 
trum  are  depicted. 


“•4 

6  $ 


Polyimidc 
A-95.1  I 


Most  of  the  information  about  the  photobleaching  process  are  provided 
by  the  UV-VIS  absorption  spectrum  of  a  film  and  its  change  during  illu¬ 
mination.  A  60  nm  thin  film  of  the  polymer  has  been  illuminated  for  190 
min  with  a  mercury  lamp  and  its  spectrum  was  recorded  at  several  time 
intervals  as  shown  in  Figure  1.  The  spectrum  changes  significantly;  first 
mainly  at  the  wavelength  of  maximum  absorption  (497  nm)  where  the 
peak  completely  disappears  at  long  illumination  times  and  second  at  a 
lower  wavelength  (377  nm)  where  a  new  peak  appears  and  then  again 
disappears.  At  even  lower  wavelengths  (225-275  nm)  there  is  also  a 
moderate  increase  and  decrease  of  the  absorption.  We  define  the  trans- 
TE  isomer  of  the  molecules  as  the  traus  isomer  oriented  in  the  plane  of 
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the  film  and  rra/i^-TM  as  the  isomer  oriented  perpendicularly  to  the  film 
surface.  We  attribute  the  peak  at  497nm  to  the  rra/25-TE  isomer;  a  valid 
assumption  because  its  absorption  cross  section  is  much  larger  than  the 
one  of  the  trcms-TM  isomer  for  our  experimental  geometry.  The  peak 
arising  at  377nm  is  attributed  to  the  cis  isomer  whereas  the  absorption  at 
the  deep  UV  wavelengths  should  come  from  shorter  or  non-conjugated 
species  which  are  in  a  photostable  state  and  which  originate  from  the  cis 
isomers  after  photobleaching. 

FT-IR  Spectra.  Scattering  Losses,  and  Refractive  Indices 
The  FT-IR  spectra  of  around  4.8  pm  thick  films  illuminated  for  4.5  and 
12  hours  as  well  as  of  an  unbleached  one  were  measured  and  the  absor¬ 
bance  of  the  N=N  peak  at  1600  cm'*  and  the  NOt  peak  at  1336  cm"'  was 
determined  using  the  two  oxygens  of  the  polyimide  backbone  as  a  refer¬ 
ence.  We  observe  that  photobleaching  has  a  larger  influence  on  NO2  - 
22%  decrease  after  12  hours-  than  on  the  N=N  bond  -  6%  decrease  after 
12  hours.  This  result  also  gives  an  indication  that  the  stable  state  of  the 
molecules  may  be  the  one  without  the  nitro  group  as  shown  in  Figure  1 . 

Scattering  loss  measurements  were  performed  using  4.5  to  5  pm  thick 
films  on  glass  substrates  and  the  prism  coupling  method  at  1313  nm  by 
imaging  the  light  scattered  from  a  planar  waveguide.  The  scattering 
losses  show  an  increase  from  2  dB/cm  to  about  3.5  dB/cm  after  12  hours 
illumination. 

FIGURE  2  TE  and  TM  refrac¬ 
tive  indices  at  1.55  pm  of  a  2.84 
pm  thick  Him  of  polyimide  A- 
95.11  after  several  illumination 
times  with  a  mercury  lamp 
{1=117  mW/cm“).  The  refrac¬ 
tive  indices  were  measured  by 
grating  coupling  using  a  grating 
period  of  A=767  nm  etched  on 
fused  silica. 
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The  TE  and  TM  refractive  indices  were  measured  at  1552nm 
during  unpolarized  UV  illumination  and  using  the  grating  coupling  tech¬ 
nique.  A  decrease  of  the  TE  refractive  index  of  An=7x!0'‘^  and  an 
increase  of  the  TM  refractive  index  of  An=6xl0'^  after  long  illumination 
times  was  observed  as  shown  in  Figure  2.  This  is  attributed  to  the  trans- 
cis-trans  isomerization  which  allows  the  molecules  to  orient  in  the  more 
favourable  direction  perpendicular  to  the  film  surface  (seen  by  the  TM 
modes)  than  parallel  to  the  film  surface  (seen  by  the  TE  modes). 

THEORETICAL  MODEL 

We  consider  four  possible  states  for  the  absorbing  molecules:  a  irans 
state  with  molecules  oriented  in  the  plane  of  the  film  (rrau.s-TE)  at 
time  r,  a  trans  state  with  molecules  oriented  perpendicular  to  the 
plane  of  the  film  (/rci/KV-TM)  at  time  /.  a  cis  state  with  molecules  at 
time  t  and  a  stable  state  with  molecules  at  time  t.  We  assume  that  at 
time  t  =  0  all  molecules  are  in  the  trans  state  (A,^(r=0)  =  N\\.-  , 
N^i^{t=0)  =  ,  N^.{t=0)  =  N^(t-O)  =  0 ).  Under  unpolarized  illu¬ 

mination  the  trans-TE  molecules  undergo  isomerization  and  move  to  the 
cis  state  with  a  transition  rate  .  Part  of  the  molecules  in  the  cis  .state 
undergoes  once  again  an  isomerization  and  move  to  the  energetically 
favourable  rrau.v-TM  state  with  a  transition  rate  and  part  of  them 
experience  structural  changes  with  a  transition  rate  and  go  to  a  sta¬ 
ble  state.  The  transition  equations  for  the  volumetric  concentration  of 
molecules  at  each  state  are  cIN^^/dt  =  -g,^.l^j[r  {trans-TE}, 
JN/ilt  =  A'j.  A'ie- (s„ +  (n'.v),  N/dt  =  (slahle).md 

("O".'™)  where  =  $,^.6,/,  =  (}i„e,,/. 

8 cm  -  ^cm^c^  r/Y//z.9-TE~>-c/.v.  cis'* Stable,  and  cis^rra/z.v-TM 

transition  rates,  respectively,  with  <})  the  quantum  yield  in  W''-s''.  e  the 
ab.sorption  cross  section  in  m^  and  /  the  light  intensity  in  W-m'^.  The 
trans-TE-^cis  transition  is  in  our  case  irreversible  and  therefore  a 
cis  ->trans-TE  transition  is  not  considered.  We  also  assume  that  no  direct 
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transition  from  the  trans~TE  to  the  stable  state  is  possible  and  that  the 
light  intensity  is  the  same  at  377nm  and  497nm.  Solving  the  above  tran¬ 
sition  equations  with  the  initial  condition 
^.v  ^iM  -  obtain  the  solutions  for  all  four 

states.  We  need,  however,  the  transition  equations  for  the  absorbance  as 
this  is  what  we  experimentally  measure.  The  absorbance  A  ■  (/  =  tE,  c,  s, 
tM)  of  the  molecules  in  every  state  /  is  given  by  A  •  =  with  L  the 

film  thickness  and  valid  under  the  assumption  that  the  thickness  remains 
constant  in  time  and  that  the  light  intensity  is  constant  in  the  material,  an 
assumption  valid  only  for  very  thin  films.  If  A^^  and  A^.  gQ  are  the 
background  absorbances  of  the  polymer  backbone  at  the  wavelength  of 
maximum  absorption  of  the  trans-TE  and  the  cis  state  respectively,  the 
measured  total  A”^  and  A'"  absorbances  are; 


trafis-TE  state 


A’!'  = 


^lE'^Sfc  Scs  Sci 


,  -{gc.+8,.„)t  -Sn\  ^  . 

)+^c.BG 


CIS  State 


TABLE  1  Parameters  derived  from  our  model. 


absorption  cross  section  (c7.v  state)  / 

0.68±0.03 

absorption  cross  section  (tra/i5-TE  state) 

trans-TE-^cis  transition  rate 

S{C 

2.33±0.1710‘^  min’ 

cis-*-stable  +  cis->-rra/7.v-TM 

transition  rate 

^cs  S cm 

1.56±0.1810--  min* 

Figure  3  shows  the  evolution  of  the  trans-JE  and  cis  absorption  peaks 
as  a  function  of  illumination  time  (data  obtained  from  the  spectra  of  Fig¬ 
ure  1)  and  the  theoretical  curves  predicted  by  our  model.  The  parameters 
of  Table  1  could  be  determined  in  this  way.  We  note  that  the  absorption 
cross  section  of  the  cis  state  is  considerably  smaller  (68%)  than  that  of 
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the  trans-liE  one  and  that  the  transition  rate  bringing  molecules  to  the 
CIS  state  is  1.5  times  larger  than  the  one  removing  molecules  from  it. 


FIGURE  3  Absorbance  of  the 
497nm  (hlled  circles)  and  the 
377nrn  (open  circles)  peaks  of  a 
60nni  thick  film  of  the  polymer  at 
various  illumination  times  as 
obtained  from  Figure  1.  Lines  rep¬ 
resent  best  fits  from  our  model  to 
the  data. 


CONCLUSION 

We  have  shown  that  UV  illumination  of  polyimide  A-95.1 1  induces  bire¬ 
fringence,  an  increase  of  the  scattering  losses  as  well  as  a  trans-cis 
isomerization  and  photodegradation  in  a  sequence  that  can  be  described 
by  a  simple  theoretical  model  developed  in  this  work.  This  model  also 
allows  the  determination  of  the  bleaching  rate  and  other  material  param¬ 
eters  using  only  data  from  absorption  measurements. 
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Organized  organic  films  prepared  from  amphiphilic  molecules  in 
different  supramolecular  architecture  were  investigated  with  respect  to 
second-order  applications.  The  study  included  azochromophore 
containing  maleic  acid  side  chain  polymer  (AMS)  and  a  low-molecular 
weight  amphiphile,  namely  2-docosylamino-5-nitropyridine  (DCANP). 
The  layers  were  prepared  by  Langmuir-Blodgett  (LB)  technique  in 
order  to  control  precisely  the  supramolecular  architecture  of  the 
multilayers.  For  thicker  layers  nonlinear  optical  coefficients  in  the  range 
of  tens  pmA^  have  been  found.  This  indicates  the  potential  of  these 
materials  for  various  applications  in  photonic  devices. 


Keywords  Langmuir-Boldgett  film;  second  harmonic  generation; 
azochromophores;  side  chain  polymers;  DCANP 


Introduction 

Organic  materials  have  attracted  great  interest  in  the  field  of  nonlinear 
optics,  integrated  optics  and  optical  interconnects  since  they  can  be 
tailored  by  various  synthetic  methods.  This  implies  architectural 
flexibility  for  molecular  design  and  freedom  in  building  up  different 
supra-molecular  structures.  In  principle,  a  huge  variety  of  materials  can 
be  synthesised  like  main  or  side  chain  polymers  suitable  for  spin- 
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coating,  amphiphilic  monomers  or  polymers  for  Langmuir-Blodgett 
(LB)  deposition.  The  material  requirements  have  been  discussed  in 
several  review  [1,2].  In  this  paper,  we  will  report  about  our  results 
obtained  for  materials  having  a  big  technological  potential  for 
frequency  doubling  and  electro-optics. 


Experimental  methods 

The  applied  linear  optical  techniques  were  single  wavelength  and 
spectroscopic  ellipsometry  and  absorption  spectroscopy.  Samples  were 
prepared  on  quartz  glass  substrates  for  transmission  measurements  or 
on  silicon  and  gold  substrates  for  measurements  in  reflection  geometry. 
Second  harmonic  generation  (SHG)  measurements  do  not  only  provide 
values  but  also  information  about  chromophore  orientation  and 
about  the  internal  structure  of  LB  multilayers.  The  detailed  description 
of  experimental  setup  is  given  elsewhere  [3,4] 


Materials 

Using  LB  technique,  monolayers  can  be  deposited  onto  the  substrate 
both  on  immersion  and  withdrawal  resulting  in  a  centrosymmetric 
arrangement  of  both  layers  (Y-type  deposition)  or  just  on  immersion 
(X-type  depositon)  or  on  withdrawal  (Z-type  deposition)  which 
provides  noncentrosymmetric  structures.  For  the  present  study  three 
types  of  supramolecular  architecture  due  to  different  types  of  deposition 
are  investigated  with  respect  to  their  potential  for  fabrication  of  passive 
and  active  waveguide  structures. 

X  and  Z  type  of  deposition 

A  statistical  co-polymer  (AMS)  was  synthetized  [4]  which  can  be 
described  by  an  average  sum  formula  as  given  in  figure  1  with  m=  0.3 
and  n=0.7,  respectively.  Multilayer  films  of  the  polymers  were  obtained 
by  depositing  the  LB  monolayers  at  a  target  pressure  of  25  mN/m,  using 
the  X  and  Z  -type  of  deposition.  Multilayers  of  5,  10,  20,  30,  40,  and  60 
monolayers  were  prepared  on  these  substrates.  The  value  n=  1.557  of 
refractive  index  was  found  to  be  the  same  for  these  layers  independent 


ORGANIZED  ORGANIC  MULTILAYER  STRUCTURES 


249 


nu  r'u  r'u  . 

_ CH— CH— CH2-CH _ 

V-^il  wii  ^rl2 

Hooc'  (!:=o  (iH2)i5 

0=1  (l:=o  (iH2)i5 

in  in  ius 

m 

- 

n 

A:  O — — ^N=N — - CF- 


O2N 


NHC22H45 


AMS 

DCANP 


Figure  1  The  molecular  structure  of  AMS  and  DCANP 


on  the  kind  of  substrate.  For  samples  with  more  than  20  monolayers  an 
ellipsometric  model  with  two  virtual  layers  has  been  used,  because  the 
slope  of  thickness  versus  number  of  monolayers  is  not  constant.  The 
first  virtual  layer  is  built  up  of  10  monolayers  of  polymer  AMS,  and  the 
next  layer  covers  the  remaining  number  of  monolayers  deposited  on  the 
substrate.  It  was  found  that  the  thickness  per  monolayer  for  the  upper 
virtual  layer  is  about  three  times  smaller  than  that  for  the  lower  virtual 
layer,  but  the  film  is  still  ordered.  If  the  number  of  monolayers  exceeds 
40  the  film  starts  to  col  laps,  that  means  the  next  monolayers  have  a 
thickness  below  0.2  nm.  The  investigation  of  molecular  order  by  second 
harmonic  generation  led  to  the  same  result.  The  increase  of  the  SHG 
signal  follows  the  expected  -dependence  only  for  the  first  30 
monolayers.  Model  calculations  based  on  angular  dependence  of  SHG 
intensity  show  that  this  intensity  pattern  resembles  a  situation  where  the 
chromophore  is  tilted  towards  the  normal  of  the  substrate  plane  by  an 
angle  of  about  30°  for  the  first  monolayers,  then  the  tilt  angle  is 
increasing  with  the  number  of  monolayers.  We  found  x^^^zzz  =  20  pmW 
for  our  sample  having  30  or  less  monolayers. 

Y-tvpe  of  deposition 

Most  Y  type  arrangements  are  centrosymmetric  but,  in  a  few  cases  the 
molecules  adopt  a  herringbone  structure.  Bossard  et  al.  [5]  examined 
LB  films  of  the  amino  nitropyridine  derivatives  CnH2n+i-NH-C5H3N- 
NO2  with  alkyl  chains  of  different  length  ranging  from  n=  18-26. 
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They  concluded  that  maximum  SHG  intensity  is  reached  for  2- 
docosylamino-5-nitropyridine  (DCANP).  A  systematic  study  of  linear 
and  nonlinear  properties  of  DCANP  was  recently  made  [4],  The 
spectroellipsometric  spectra  for  different  number  of  monolayers  are 
presented  in  figure  2  [4], 
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FIGURE  2  Ellipsometric  angles  psi  and  delta  of  DCANP  on  silicon  in 
dependence  on  wavelength  for  three  different  numbers  of 
monolayers  (6,  10,  20  ML);  incidence  angle  70° 

The  increasing  of  SHG  intensity  with  number  of  bilayers  is 
quadratically.  The  nonlinear  susceptibility  measured  are  Xy>y~ 
21.3pm/V,  Xyxy  =  8.2  pm/V  and  Xyzx  =  3.97  pmA^  (?.=  1064  nm)  [4], 
Figure  3  shows  the  SHG  intensities  measured  in  a  heterodyne 
experiment  where  the  SHG  signal  generated  by  the  DCANP  layer  is 
interfering  with  the  SHG  signal  of  a  reference  quartz  crystal  excited 
simultaneously  by  the  same  laser  beam.  A  glass  plate  positioned  in  the 
SH  beam  of  DCANP  changes  the  phase  of  this  signal  with  respect  to  the 
SH  signal  of  the  quartz  crystal  simply  by  its  rotation.  The  rotation  angle 
of  this  glass  plate  is  plotted  as  abscissa  of  figure  3.  In  addition,  an  inset 
is  plotted  which  shows  the  dependence  of  SHG  signal  of  the  DCANP 
multi-layer  with  respect  to  the  azimuth  angle  towards  the  dipping 
direction  of  LB  deposition.  The  maxima  of  the  two  signals  detected  for 
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+  15°  and  -15°  are  almost  in  anti-phase  to  each  other,  i.e.  they  attained  a 
phase  shift  close  to  n.  Since  the  small  deviation  from  n  is  constant  we 
assign  it  to  misalignment  of  the  reference  (dipping  direction)  where 
from  the  angle  is  measured.  This  indicates  that  the  DCANP  molecules 
are  well  aligned  creating  a  net  dipole  pointing  along  the  dipping 
direction.  Under  the  chosen  azimuth  angles  of  +15°;  -15°  the  probed 
projections  of  the  dipole  moment  are  consequently  opposite  to  each 
other  indicating  the  high  order  inside  of  the  layers. 


FIGURE  3  SHG  intensities  after  interference  of  the  signal  of  the 
DCANP  layer  and  of  the  signal  of  a  reference  quartz 
crystal.  The  phase  of  the  DCANP  layer  signal  was 
shifted  by  rotation  of  a  glass  plate.  The  three  different 
curves  represent  the  superimposed  signals  for  three 
different  azimuth  angles.  The  inset  shows  the 
dependence  of  SHG  signal  of  the  DCANP  multilayer 
with  respect  to  the  azimuth  angle.  The  three  azimuth 
angles  used  for  the  phase  measurements  are  also  marked 
in  the  inset. 

The  Y-type  of  depositon  of  AMS  shows  a  weak  SHG  signal  originated 
from  the  first  monolayer.  The  different  alignment  of  molecular  dipole  in 
the  same  Y-type  deposition  of  AMS  and  DCANP  is  associated  with 
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difference  between  the  pendant  chromophore  by  the  main  polymeric 
backborne  and  the  aliphatic  chain,  respectively.  For  DCANP,  packing  is 
induced  by  hydrogen  bonding  both  within  and  between  monolayers. 

Alternate  layer  technique 

In  chosing  a  passive  spacer  to  alternate  with  the  optically  nonlinear 
layer  it  is  necessary  to  consider  the  compatibility  and  deposition 
characteristics  of  the  components.  We  deposited  succesively  active 
azopolymer  monolayer  and  another  maleic  acid  anhydride  polymer 
without  chromophore.  Other  sample  was  deposited  using  one 
monolayer  of  AMS  followed  by  three  monolayer  of  PMMA.  This 
complex  layer  was  repeted  ten  times.  These  two  sample  show  no  colaps 
until  40  monolayers,  which  seems  that  using  this  technique  the  colaps 
of  film  can  be  avoided.  The  drawback  is  that  the  nonlinear  susceptibility 
is  smaller  that  in  case  of  X  and  Z  type  of  deposition. 


CONCLUSIONS 

The  trade-off  between  the  SHG  efficiency  and  the  stability  of  molecular 
architecture  is  investigated.  The  evaluation  of  molecular  orientation  and 
ordering  of  supramolecular  arrangement  for  different  LB  deposition 
type  is  discussed. 
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We  investigate  the  possibility  of  realizing  electro-optic  polymer  modu¬ 
lators  with  millivolt-regime  driving  voltages.  Such  efficient  modulators 
are  intended  for  applications  in  future  short-distance,  high  bit-rate  optical 
interconnects  between  networked  data  processors.  By  combining  the 
benefits  of  polymeric  optical  waveguides  with  new  optical  modulator 
designs,  ultra-low  voltage  modulation  can  be  achieved. 


Keywords  Optical  modulator;  electro-optic  polymer;  superconductor; 
resonant  electrode;  ring  resonator. 


INTRODUCTION 

Modem  semiconductor  electronics  is  quickly  approaching  a  barrier  at 
which  clock  speeds  of  VLSI  circuits  saturate  (at  ~1  GHz),  due  mainly  to 
issues  of  high  power  dissipation  levels^ 'I  Superconductor-based  elec¬ 
tronic  circuits,  however,  have  the  advantages  of  extremely  low  power 
dissipation  and  rapid  response,  thereby  enabling  processing  speeds  ap¬ 
proaching  THz  clock  frequencies*”'.  As  the  development  of  supercon¬ 
ductor-based  technology  continues,  transporting  these  high-speed  signals 
off-chip  becomes  important  for  parallel  computing  and  networking  ap¬ 
plications. 
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The  enormous  bandwidth  of  optical  fiber  provides  a  means  for  trans¬ 
mitting  THz  bandwidth  signals  over  short  {<  100m)  distances.  Inter¬ 
facing  the  superconducting  circuits  with  room-temperature  optical 
transport,  however,  poses  a  number  of  challenges.  For  instance,  a 
fundamental  limitation  of  superconducting  circuits  is  that  the  maximum 
AC  voltage  generated  is  typically  below  10  mV.  This  must  be  sufficient 
to  drive  a  high-speed  electro-optic  modulator  with  a  modulation  depth 
large  enough  to  ensure  error-free  detection  after  a  short  propagation 
distance  through  an  optical  fiber,  in  practice  a  modulation  depth  as  small 
as  a  few  percent  imposes  an  acceptable  power  penalty  at  the  receiver’'^*. 

In  this  paper  we  investigate  the  use  of  superconducting  modulation 
electrodes  on  electro-optic  polymer  waveguide  components  to  achieve 
ultra-low  voltage,  high-speed  optical  modulators.  Though  direct 
modulation  of  THz  signals  has  yet  to  be  demonstrated,  the  designs 
presented  here  are  suitable  for  integration  in  modulator  arrays  utilizing 
time-  or  wavelength-division  multiplexing  (TDM/WDM)  techniques, 
resulting  in  aggregate  bandwidths  approaching  the  THz  level. 


RESONANT  SUPERCONDUCTING  ELECTRODES 

Polymer-based  optical  modulators  have  a  number  of  advantages  over 
conventional  LiNb03  modulator  technology,  such  as  velocity-matching 
over  reasonable  interaction  lengths^"^',  low  dielectric  constants  (allowing 
denser  device  integration),  and  higher  electro-optic  coefficients  (03  =  83 
pm/V  has  recently  been  demonstrated)^'’*.  Also,  the  very  low’  dielectric 
losses  of  certain  polymers  arc  especially  attractive  for  achieving  low 
electrode  losses,  Due  to  these  advantages,  w  e  propose  the  use  of  electro¬ 
optic  polymer  modulators  in  combination  whth  travelling-wave  resonant 
superconducting  electrodes  to  achieve  ultra-low'-voltage  modulation. 

To  reduce  the  drive  powder  of  LiNb03  modulators,  in  certain  applica¬ 
tions  broadband  operation  has  been  traded  off  for  band-limited  modula¬ 
tion.  The  resonant  electrode  design  was  first  proposed  by  Izutsu  et 
for  achieving  low-power,  band-limited  LiNb03  modulators.  A  three- 
electrode  coplanar  waveguide  design  was  used,  consisting  of  a  central 
feeder  line,  a  short-circuited  resonant  line  as  the  modulating  electrode, 
and  a  stub  to  achieve  impedance  matching.  This  electrode  design  was 
successfully  used  to  reduce  the  drive  power  in  a  LiNb03  modulator  by 
about  a  factor  of  ten,  and  a  bandwidth  of  about  5  GHz  at  a  (harmonic) 
resonant  frequency  of  35  GHz  was  measured*^'. 
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The  design  was  subsequently  improved  by  replacing  the  normal  con¬ 
ducting  electrodes  by  low-Tc  superconducting  electrodes^^l  These  elec¬ 
trodes  have  very  low  microwave  propagation  losses  and  dispersion, 
thereby  enhancing  the  modulator  efficiency^^l  The  measured  perform¬ 
ance  of  a  LiNbOa  modulator  with  a  low-Tc  electrode  made  from  a  Pb-In- 
Au  alloy,  however,  is  just  marginally  better  than  using  normal  conduct¬ 
ing  electrodes  at  the  same  temperature^ 

In  our  application  broadband  modulation  is  not  required,  since  various 
coding  schemes  can  be  used  for  data  transmission  at  a  fixed  frequency. 
Furthermore,  using  polymeric  materials  allows  longer  resonant  lines  and 
hence  a  lower  drive  power.  We  choose  a  low-Tc  (4.2“  K)  niobium  (Nb) 
electrode,  since  it  has  very  low  conductor  losses  and  ean  be  deposited  at 
room  temperature,  thereby  maintaining  the  electro-optic  properties  of  the 
poled  polymer,  which  degrade  at  elevated  temperatures^^ . 

To  determine  the  reduction  in  driving  voltage  for  a  polymer:Nb 
modulator,  we  have  followed  the  analysis  of  Yoshida  et  to  deter¬ 
mine  the  modulator’s  frequency  response.  In  a  Mach-Zehnder  interfer¬ 
ometer,  the  optical  intensity  varies  asl-lo  cos^  (A0  /  2),  where  lo  is  the 
maximum  output  intensity  in  the  absence  of  an  applied  phase  shift  (A0  - 
0).  The  phase  shift  is  a  function  of  the  modulation  voltage  V  applied  to 
one  of  the  arms, 

=  (1) 


where  M{f)  is  the  normalized  modulation  depth  factor.  For  conven¬ 
tional  electrodes  A/(/)  =  1  below  the  high-frequency  roll-off,  whereas 
for  resonant  electrodes,  larger  values  of  M (and  therefore  lower  modula¬ 
tion  voltages)  can  be  achieved  in  narrow  frequency  bands. 

The  normalized  modulation  depth  of  the  resonant  electrode  is 


M(f)  = 


2 

1  +  To 


cosh(yI)-cos(j3oZ) 

yL 

(yZ,)’- 

sinh(yZ,) 

(2) 


where  To  is  the  normalized  admittance,  y  (/)  =  a  +  J(5,  a  (/)  is  the  mi¬ 
crowave  attenuation  constant,  /3  is  the  microwave  propagation  constant, 
the  resonator  length  is  21,  and  j3o  is  the  optical  propagation  constant. 
The  attenuation  constant  is  given  by^^^ 


(3) 

(4) 
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where  the  subscripts  n  and  5  refer  to  normal  and  superconducting  elec¬ 
trodes  and  ac  and  a^/are  the  conductor  and  dielectric  losses,  respectively. 

Our  proposed  modulator  is  a  Mach-Zehnder  interferometer  with  an 
electro-optic  polymer  core  layer,  polystyrene  optical  cladding  layers,  and 
Nb  electrodes.  The  parameters  for  these  materials  are:  a,,,  =  1.63  x  10  ' 
dB/(cm-GHz~)^*^\  and  aj=  1.524  x  10“^  dB/(cm  GHz)  for  polystyrenes'll 
For  purposes  of  comparison,  we  have  also  chosen  a  Pb-In-Au  alloy  on 
both  polymer  and  LiNb03  substrates.  The  material  parameters  are:  a,,,  = 
0.43  dB/(cm-GHz)  for  a,,  -  3.93  x  10'^  dB/(cin  GHz-)  for  Pb-In- 
Au’^',  and  a,/=  7.4  x  10'^  dB/(cm  GHz)  for  LiNbO.i*'^'.  A  resonator 
length  of  5  cm  is  chosen,  though  this  is  optimistic  for  LiNb03  devices. 

The  modulation  depth  from  (2)  is  used  in  (1)  to  determine  the 
modulation  voltage  V  shown  in  Figure  1,  with  F„  for  LiNb03:Au  set  at  4 
V  (a  harmonic  of  the  resonant  peak  is  used).  Switching  to  polymer- 
based  devices  results  in  modulation  voltages  an  order  of  magnitude  lower 
than  in  LiNb03. 


FIGURE  1  Calculated  modulation  voltage  V  for  various  modulators. 

At  the  resonant  frequency  of  1 1.25  GHz,  a  modulation  voltage  of  less 
than  10  mV  and  a  3  dB  bandwidth  of  10  MHz  (frequency  range  at  which 
V„  doubles)  is  predicted  for  the  polymer:Nb  device.  Only  a  fraction  of 
the  modulation  voltage  (1  %  or  100  /jV)  still  provides  an  optical  modu¬ 
lation  depth  sufficient  for  short-distance  optical  fiber  transmission. 

Higher  resonator  harmonics  can  also  be  used;  the  modulation  effi¬ 
ciency  decreases  at  higher  frequencies  while  the  3  dB  bandwidth  in¬ 
creases.  For  the  polymer:Nb  device,  a  Vn  =  222  mV  is  predicted  at  a 


ULTRA-EFFICIENT  EO  POLYMER  MODULATORS 


257 


resonant  frequency  of  101.25  GHz,  with  a  3  dB  bandwidth  of  500  MHz. 
In  this  case,  1  %  of  the  modulation  voltage  is  2.2  mV,  which  is  well 
within  the  available  voltage  range  of  superconducting  electronics. 

A  practical  requirement  of  the  above  device  is  the  reliability  of  the 
polymeric  materials  in  a  low-temperature  environment.  Much  remains 
unknown  about  the  low-temperature  behaviour  of  optical  polymers,  but 
tests  of  polymeric  optical  switches  in  liquid  nitrogen  have  been  per¬ 
formed  without  any  observed  cracking*"^,  and  optical  epoxies  suitable 
for  operation  at  4  °K  are  commercially  available''“l 

POLYMERIC  RING  RESONATOR  MODULATOR 

While  the  Mach-Zehnder  modulator  affords  a  long  interaction  length  it 
still  suffers  from  a  low  sensitivity  of  the  optical  output  to  an  applied 
phase  shift  that  is  a  fraction  of  ,  and  a  total  device  size  (including 
electrodes)  that  limits  the  achievable  modulator  array  size. 

As  an  alternative,  we  propose  a  ring  resonator  modulator  with  im¬ 
proved  optical  sensitivity  and  with  dimensions  suitable  for  integration  of 
tens  and  possibly  hundreds  of  modulators  on  a  single  substrate.  A  dia¬ 
gram  of  the  proposed  modulator  is  shown  in  Figure  2. 


resonator 


FIGURE  2  Diagram  of  the  proposed  ring  resonator  modulator. 

The  waveguide  channels  consist  of  an  electro*optic  polymeric  core 
with  a  refractive  index  of  1 .615  and  a  passive  cladding  polymer  with  a 
refractive  index  of  1.43.  In  the  passive  state,  the  input  light  propagates 
through  the  straight  waveguide  with  minimal  interaction  with  the  ring. 
In  the  active  state,  an  electrode  over  the  ring  tunes  the  effective  modal 
index  in  the  ring  such  that  phase  matching  (resonance)  occurs  between 
the  waveguide  and  ring  modes,  thereby  coupling  the  light  in  the  input 
waveguide  through  the  ring  into  the  output  waveguide. 
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The  optical  response  of  this  structure  has  been  calculated  for  a  ring 
with  a  15  /,nn  diameter  at  a  wavelength  of  X  =  850  nm.  With  a  power 
coupling  fraction  of  5  %  between  the  waveguides  and  the  ring  in  the  pas¬ 
sive  state,  an  extinction  ratio  of  better  than  20  dB  can  be  achieved  when 
the  device  is  tuned  through  resonance.  The  finesse  of  the  resonator  is 
150  and  the  switching  voltage  is  0.9  V,  corresponding  to  an  electro-optic 
coefficient  of  30  pm/V  and  an  effective  index  shift  of  6  x  10‘\  The 
modulation  voltage  can  be  reduced  to  1  %,  or  9  mV  while  maintaining  an 
extinction  ratio  adequate  for  short-distance  transmission.  Though  the 
modulation  speed  of  this  device  is  limited  to  about  13  GHz  due  to  the 
round-trip  time  in  the  ring  resonator,  the  extremely  small  size  allows  the 
device  to  be  fabricated  in  arrays  with  a  high  integration  density. 


CONCLUSIONS 

The  feasibility  of  achieving  millivolt-regime  polymer-based  electro-optic 
modulators  has  been  investigated.  Using  a  polymeric  Mach-Zehnder 
modulator  with  resonant  Nb  electrodes,  a  reduction  in  the  driving  voltage 
to  the  millivolt  level  is  predicted.  An  electro-optic  polymer  ring 
resonator  provides  a  compact,  sensitive  alternative  modulator  design. 
Both  designs  are  compatible  with  the  millivolt  signals  and  high  speeds 
typical  of  superconducting  electronics. 
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SHG  at  near  resonance  and  chromophore 
orientational  distribution  function  in  p(DRlM) 
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Polarized  second  iiarinonic  generation  transmission  spectra  at  near 
tlie  two  photon  absorption  liave  been  recorded  on  a  p(DRlM)  tliin 
film  oriented  by  corona  poling,  using  a  1064  nm  Kd/Yag  laser  ptiinp. 
Experimental  results  were  interpreted  within  a  new  multi-layered 
model  including  the  two  ])hoton  absorption  contributions.  The 
three  <  P\  >,  <  P-i  >  and  <  Pz  >  Legendre  polynomials  or  ori¬ 
entational  order  parameters  were  thus  obtained,  d'hen,  a  complete 
molecular  orientational  distribution  function  of  the  cliioinophores 
has  been  calculated  using  a  phenomenological  mean  field  potential 
aiJproach  including  poling  and  external  forces. 


Keywords  Polymer,  corona  poling,  SHG,  distribution  function. 

INTRODUCTION 

The  interest  in  using  polymers  for  second  order  nonlinear  optics 
(NLO)  is  related  to  the  production  of  inexpensive  alternatives  to 
inorganic  crystals  for  frequency  doubling,  for  optical  data  storage 
applications  and  electro-optic  devices  [1,2].  Polymeric  films  wuth 
large  macroscopic  second-order  nonlinear  properties  can  be  obtained 
by  orienting  within  a  polymer  matrix  a  molecular  component  with  a 
large  molecular  hyperpolarizability;  indeed,  the  guest  dye  molecules 
are  easily  oriented  in  the  host  polymer  film  by  application  of  a  static 
electric  field.  Many  SHG  studies  have  already  been  carried  out  on 
such  devices  but,  as  far  as  we  know,  only  a  few  of  them  have  de¬ 
termined  the  complete  orientational  distribution  function,  G(9)\  it 
relates  the  second-order  NLO  susceptibility  of  the  bulk  material  to 
molecular  properties.  In  this  case,  the  uniaxial  distribution  function 


259 


260 


V.  RODRIGUEZ  AND  C.  SOURISSEAU 


lias  been  partially  characterized  liy  the  first  four  orientational  order 
parameters,  <  >  to  <  >  [3,  4]. 

In  the  present  study,  we  reinvestigate  the  NLO  properties  of  a 
thin  film  of  poly{4’-[[2-methacryloyloxy-ethyl]  ethylamino]  -4-  nitroa- 
zobenzene}  (namely,  p(DniAI)  or  100%  functionalized  DRl-covalently 
l)onded  polymer)  oriented  by  corona  poling.  Visible  spectra  and  po¬ 
larized  SHG  transmission  spectra  at  near  resonance  (using  a  10C4 
nm  Nd/YAG  laser)  were  recorded  in  order  to  determine  the  orien¬ 
tational  distrilmtion  function  which  describes  the  net  polarization 
after  the  poling  process.  For  this  purpose  an  original  SHG  trans¬ 
mission  setup  using  index  matching  hemi-cylindrical  lenses  has  been 
designed  improving  the  collection  efficiency.  Furthermore,  the  SHG 
Maker  fringes  were  analyzed  using  a  new  general  multi-layered  uni¬ 
axial  model  including  birefringence  and  anisotropic  absorption  con¬ 
tributions  at  the  fundamental  and  harmonic  frequencies  [5].  As  pre¬ 
viously  shown  by  Herman  and  Hayden  any  isotropic  absorption  at 
near  the  two  photon  energy  may  strongly  perturb  the  Maker  fringe 
jjrofiles  [G].  From  our  SHG  multi-layered  model,  which  considers 
anisotropic  absorption  at  the  harmonic  frequency,  it  is  now  possible 
to  calculate  <  Pi  >,<  Po  >  and  <  P3  >  order  jwrameters.  Then, 
a  complete  orientational  molecular  distribution  function,  G{0},  is 
directly  derived,  assuming  a  phenomenological  mean  field  potential 
including  poling  as  well  as  external  forces.  It  is  thus  shown  that  this 
approach  leads  to  consistent  results  whether  low  field  or  high  field 
poling  conditions  are  taking  place  [3). 

EXPERIMENTAL  PART 

Thin  films  of  p(DRlM)  were  spun  coated  onto  staiuUird  microscope 
slides.  The  films  (0.15  -0.20  i.nn  thickness)  were  corona  poled  with  a 
wire  held  parallel  to  and  above  (5.0  mm)  the  film.  The  direction  of 
the  applied  field  will  be  refered  hereafter  as  the  Z  axis. 

A  scheme  of  the  experimental  setup  is  shown  in  Figure  1.  The 
source  was  a  Q-switched  Nd/YAG  laser  operating  at  the  10G4  nm 
wavelength.  The  pulse  width  and  repetition  rate  of  output  pulses 
were  200  ns  and  100  Hz,  respectively.  The  polarized  source  beam 
was  split  into  two  branches  by  a  beam  splitter:  the  first  Inanch  was 
used  to  control  the  fundamental  intensity  using  a  photomultiplier 
tube  (PMTl);  the  second  branch,  which  goes  through  a  polarizer 
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MOLECULAR  ORIENTATION  DISTRIBUTION 
FUNCTION  UNDER  HIGH  FIELD  CONDITIONS 


From  knowledge  of  the  DRl  molecular  hyperpolarizability  and  as¬ 
suming  that  only  the  Qzzz  component  is  non  zero  [8],  a  standard 
treatment  of  bulk  susceptibilities  X33  and  X3i  leads  to  the  following 
order  parameter  values,  <  Pi  >=<  cosB  >—  0.123  and  <  P3  >= 

<  5co5^^  -  2>cosB  >  /2  =  0.007.  Here,  another  interesting  point  is 
that  the  even  order  parameter  <  P2  >—<  Zcos^B  -  1  >  /2  can  also 
be  calculated  from  the.  anisotropic  absorption  coefficients;  we  obtain 

<  P2  >=  =  0-265,  a  result  quite  consistent 

with  the  above  value  extracted  from  the  visible  absorption  spectra. 

From  this  set  of  order  parameters  <  Pi  >  to  <  P3  >,  it  is  then 
possible  to  determine  an  orientational  distribution  function. 


exp[~VtlRT) 


expi-Ut/RT)dcose  ’ 


which  is  governed  by  a  mean-field  potential  Ut  =  Ui>  +  where 
Ui>  is  the  potential  due  to  the  poling  field  and  Uij;  that  accounting 
for  external  forces.  Assuming  an  homogeneous  spatial  Landau-type 
“effective”  potential  for  each  value,  of  cosB,  i.  e.  a  constant  density 
number  of  chromophores  (A^),  Up  and  Up  are  expressed  as  a  function 
of  the  macroscopic  homogeneous  spontaneous  polarization  P{cosB)  : 


Up  —  ~P{cosB).Ep, 

Up  —  a.P'^{cosB)  -f  b.P'^{cosB), 


where  Ep  is  the  applied  electric  field,  P{cosB)  —  Nf.i*cosB  and  {.i*  is 
the  mean  molecular  dipole  moment  corrected  from  local  field  effects. 

Then,  the  numerically  computed  best  values  for  the  potential  pa¬ 
rameters  are  N^*Ep/PT  =  0.245,  a/RT  =  -9.36  and  b/RT  =  7.79. 
Note  that  a  truncated  orientation  function  developped  up  to  the 
fourth  order  leads  to  <  P^  >=  -0.144  and  to  a  much  broader  dis¬ 
tribution  (fig.  3)  as  already  reported  in  the  literature.  [3].  This 
demonstrates  the  advantage  of  the  used  general  approach  in  calcu¬ 
lating  complete  distribution  functions;  further  investigations  using 
such  a  potential  are  in  progress  and  will  be  published  in  due  course. 
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.4j.  =  1.500  after  poling.  This  leads  to  a  first  estimate  of  the  order 
parameter  <  P2  >==  1  ~  Mo  =  0.27  . 

Some  typical  polarized  SHG  results  are  shown  on  figure  2. 
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1  lOURl'j  2.  Dei)OJKlence  of  SIIG  intensity  on  the  polarization  of  hnulamental 
anci  hannonic  waves.  Left:  experimental  p-p  intensities  with  {+)  and  without 
(G  hemi-cylindrical  lenses,  respectively;  dotted  lines  represent  best  fit  curves. 
Hi^ht:  experimental  s-p  (  +  )  and  45'’  -  s  (*)  intensities,  respectively. 

First,  the  increase  in  the  p-j)  intensity  using  a  quasi-matching 
sample  setup  is  typical  of  a  NL  layer  with  a  thickness  far  below  the 
coherence  length.  As  a  consequence,  the  procedure  to  determine  the 
sample  thickness  and  the  effective  macroscopic  susceptibility  yf’hnay 
produce  a  5%  uncertainty,  Also,  it  is  evidenced  on  figure  2  that  the 
s-p  and  45"^  ~  5  responses  are  quite  comparable;  one  thus  concludes 
that  the  Kleinman  symmetry  conditions  hold  in  spite  of  the  two 
photon  alysorption,  so  that  within  experimental  errors  f/3,  =  (/,r,. 

Finally,  all  the  polarized  SHG  data  are  nicely  fitted  using  a  new 
multi-layered  model,  which  includes  an  uniaxial  anisotropic  NL  in¬ 
termediate  medium.  Best  fit  values  of  the  ani.sotropic  two  photon 
absorption  coefficients  at  532  nm  and  of  the  resonance  enhanced 
macroscopic  NLO  coefficients  c/aa,  c/31  are  rei)orted  in  Table  1.  It 
is  noteworthy  that  preliminary  linear  refraction  index  values  at  the 
fundamental  and  harmonic  wave  (1.C2  and  1.70  ±  10~^,  respectively) 
and  the  mean  absorption  coefficient  =  (6±2);n?i“’)  were  firstly 
determined  on  the  unpoled  sample  from  analyses  of  the  p  polarized 
reflected  intensities  {Rj,)  ;  all  the  results  can  be  nicely  compared. 


film  thickness  (rir/i) 

n„r 

^33  (prn/l') 

205  ±  5 

l.G2G±  10-3 

5.3  ±0.2 

39.8  ±  0.2 

dja/dat 

l.G9G±  10-3 

1 1.0  ±  0.4 

3.4  ±0.1 

TABLIC  1.  Results  obtained  fiom  best  fits  of  tlie  SIIG  experimental  data. 
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(P),  was  focussed  on  the  sample  with  a  spot  diameter  of  100  (.im. 
The  2u.'  transmitted  signal  was  detected  by  another  photomultiplier 
tube  (PMT2)  and  averaged  over  10  to  25  pulses.  The  pulse  energy 
at  the  sample  was  lower  than  5  for  the  infrared  beam.  Absolute 
calibrations  of  the  SHG  intensities  were  obtained  using  az-cut  quartz 
plate  assuming  r/n  =  0.3pm/V  [7].  This  setup  allowed  also  linear 
refractive  index  estimations  at  uj  or  2uj,  using  a  third  photomultiplier 
tube  {PMT3),  and  collecting  the  29  reflected  waves  over  the  15  -80° 
0  range;  a  LiNbOj,  crystal  (F2)  in  phase  matching  condition  was 
used  as  the  532  nm  source  to  record  the  2uj  reflection  signals. 


FI 
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PMT3 
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I.-.-, 
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FIGIJHIC  1.  Left  :  lix])eriine!ital  setup.  FI,  density  filter;  B,  beam  splitter; 
M,  mirror  ;  P,  polarizer;  F2,  532  um  filter  {1064  nm  source)  or  lANbO^  crystal 
(532  mil  source);  L,  150  mm  focal  lens;  P3,  selective  set  of  filters  and  polarizers; 
()S(7  oscilloscoi)e;  P(J,  personal  computer.  Eight  :  Sample  quasi  index  match¬ 
ing  setup  using  10  nmi  diameter  henii-cylindrical  lenses  (IICL,  suprasil).  d'he 
.\1^0  ojjtical  path,  which  is  now  nearly  twice  longer,  enhances  the  Maker  fringe 
resolution. 


RESULTS 

Absorption  spectra  (350-800  nm)  of  the  films  before  and  after  poling 
were  systematically  compared  and  both  polarized  p  and  5  spectra 
were  recorded  to  check  the  uniaxiality  [Ax  —  Ay  —  A_i )  of  the 
poled  films.  Generally,  one  observes  a  broad  absorption  band  (150 
nm  FWHM)  maximazing  at  about  465  nm  with  a  mean  isotropic  ab¬ 
sorbance  Aq  =  2.055  before  poling  and  a  weaker  in-plane  absorbance 
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FIGURE  3.  Folav  plots  of  tlie  distribution  function,  G{0)  versus  the  po¬ 
lar  angle  Left:  complete  distribution  function  ,  Right:  function  develo])i)ed 
■up  to  <  P4  >;  curves  are  for  the  isotropic  film  (dashed  curve)  and  the  poled  fibii 
(solid  line), 
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Abstract 

An  analysis  of  the  atomic  thermal  motion  in  the  organic  non-linear- 
optical  material,  DCNP,  is  presented.  The  phenyl  group  in  this 
compound  librates  within  the  molecular  plane.  This  motion  induces  a 
quinoidal  electronic  configuration  of  the  ring  which  enhances  molecular 
charge  transfer.  This  in  turn  aids  the  large  second -harmonic-generation 
output  that  is  observed  in  the  material. 

Keywords:  diffraction;  second-harmonic-generation;  libration. 


INTRODUCTION 

There  exists  an  inherent  relationship  between  crystal  structure  and  non¬ 
linear-optical  (NLO)  properties  such  that  property  determining  features 
can  be  probed  by  diffraction  techniques.  On  a  molecular  scale,  the 
extent  of  charge-transfer  (CT)  across  the  NLO  chromophore  determines 
the  level  of  SHG  output  [1,2]:  the  greater  the  CT,  the  larger  the  SHG 
output.  The  present  study  illustrates  the  effects  of  atomic  thermal 
motion  on  CT  effects  and  thus  on  SHG  activity. 
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The  case  study,  3-(l,l-dicyanoethenyl)-l-phenyl-4,5-dihydro-lH- 
pyrazole  (hereafter  DCNP)  exhibits  excellent  SHG  activity: 
approximately  100  times  that  of  urea  when  using  a  fundamental 
wavelength  of  1.9pm  [3,4].  Theoretical  investigations  have  shown  that 
the  nature  of  the  pyrazole  group  is  in  part  responsible  for  this  [5]. 
However,  this  study  shows  that  the  phenyl  group  also,  in  part,  dictates 
the  SHG  properties  due  to  the  consequences  of  its  atypical  atomic 
thermal  motion.  This  motion  was  characterised  by  a  structural 
investigation  that  comprised  single-crystal  neutron  and  X-ray 
diffraction  measurements. 


EXPERIMENTAL 

The  neutron  diffraction  study  of  monoclinic  DCNP  [Ci3HioN4,  Mr  = 
220.0,  space  group,  Cc,  a  =  1 1 .571  (2)A,  b  =  12.258(3)A,  c  =  7.868(2)A, 
b  =  90.11(3)°,  Z  =  4]  was  performed  on  the  single-crystal 
diffractometer,  SXD,  at  the  ISIS  facility,  Chilton,  U.K.,  at  100(1)K.  The 
single-crystal  variable-temperature  X-ray  diffraction  studies  were  all 
carried  out  using  the  Bruker  SMART-CCD  diffractometer  at  the 
temperatures  90(2)K,  100(2)K,  200(2)K  and  290(2)K.  This  instrument 
is  ideal  for  a  variable  temperature  study  since,  by  nature  of  its  large  area 
detector,  data  can  be  recorded  at  several  different  temperatures  in  just  a 
few  days. 


RESULTS  AND  DISCUSSION 

Figure  I  shows  the  lOOK  neutron  derived  structure  of  DCNP.  The 
centre  of  the  ellipsoids  on  each  atom  represent  the  time-averaged  static 
atomic  positions  whilst  the  topology  of  each  ellipsoid  depicts  the 
volume  around  this  point  where  there  is  a  50%  probability  that  the  atom 
may  lie  at  any  one  instance.  The  greater  the  level  of  atomic  vibration, 
the  further  away  from  its  time-averaged  static  position  an  atom  may  be 
found:  i.e.  the  larger  the  ellipsoid.  The  topology  of  each  ellipsoid  will 
be  spherical  if  atomic  motion  is  due  purely  to  vibration  within  a  three- 
dimensionally  isotropic  potential.  However,  an  atom  will  usually 
vibrate  within  an  anisotropic  potential,  leading  to  a  non-spherical 
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ellipsoid.  In  addition,  atoms  can  undergo  rotations  about  bond  vector(s) 
and  the  level  to  which  the  ellipsoid  reflects  this  motion  can  be  measured 
to  yield  the  extent  (and  sense)  of  this  rotational  component.  An  atom 
that  has  a  non-zero  rotational  component  (all  atoms  must  have  a  non¬ 
zero  vibrational  component)  is  said  to  librate. 

It  is  evident  from  the  elongation  of  the  ellipsoids  in  Figure  1  that 
the  phenyl  group  is  involved  in  a  significant  level  of  libration  about  the 
cross-vector  of  the  C(8)-N(4)  bond. 


hfi'j: 


FIGURE  1 :  The  1 OOK  neutron  structure  of  DCNP. 

Analogous  X-ray  diffraction  measurements  made  at  lOOK  also 
illustrate  this  thermal  behaviour  (although  this  can  only  be  observed  in 
the  carbon  atoms  since  the  hydrogen  atoms  are  much  less  well  defined 
in  the  X-ray  diffraction  study).  Further  X-ray  diffraction  measurements 
on  DCNP  at  temperatures  of  90K,  200K  and  290K  yielded  ellipsoids 
with  the  same  topology,  their  size  being  linearly  proportional  to 
temperature,  as  is  characteristic  of  libration.  The  diagonal  tensorial 
component  of  each  ellipsoid  in  the  direction  closest  to  the  normal  of  the 
molecular  axis  within  the  molecular  plane  are  plotted  against 
temperature  in  Figure  2  which  illustrates  this  linear  dependence  for  each 
atom. 

For  a  system  undergoing  purely  vibrational  atomic  motion,  the 
gradient  of  each  line  depicted  in  Figure  2  will  be  the  same  for  each 
atom.  The  presence  of  a  non-zero  rotational  component  associated  with 
a  given  atom  augments  this  gradient,  the  larger  this  component  being. 
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the  greater  this  augmentation  It  is  thus  evident  from  Figure  2  that  the 
atoms  associated  with  the  phenyl  group  are  involved  in  a  significant 
level  of  libration  in  the  molecular  plane,  in  the  direction  approximately 
normal  to  the  molecular  axis 
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FIGURE  2:  The  extent  of  atomic  motion  in  the  crystallographic  U22 
principal  direction  (near-normal  to  the  molecular  axis  within  the 
molecular  plane)  for  each  atom  as  a  function  of  temperature  for  DCNP. 

The  presence  of  libration  makes  difficult  the  location  of  the  true 
interatomic  distances  between  atoms  that  undergo  this  type  of  motion, 
using  conventional  single-crystal  structural  refinement  techniques. 
However,  libration  can  be  modelled  and  thus  parameterised  by  the 
thermal  motion  analysis  method  of  Trueblood  and  co-workers  [6]  Once 
parameterised,  the  results  can  be  used  to  correct  the  bond  geometries 
calculated  from  the  conventional  structural  refinement  technique  to  give 
more  precise  bond  parameters. 

Whilst  libration  of  small  terminal  groups  (e  g  H,  -CH3,  -CF3 
groups)  in  molecules  is  quite  common,  libration  in  a  terminal  phenyl 
group  is  not  common,  especially  to  this  extent.  Therefore,  it  was 
deemed  pertinent  to  undertake  this  thermal  motion  analysis  with  a  view 
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to  understanding  its  origin.  This  work  utilised  the  THMAll  program 
[7].  Full  details  of  these  calculations  and  results  are  given  elsewhere  [8] 
but  the  salient  conclusions  are  reported  here. 

The  corrected  interatomic  distances  for  the  phenyl  group  [C(8)- 
C(9):  1.393A,  C(9)-C(10):  1.389A;  C(10)-C(ll):  1.397A;  C(ll)-C(12): 
1.397A;  C(12)-C(13):  1.388A;  C(8)-C(13):  1.406A]  are  more 

representative  of  a  quinoidal  electronic  configuration  than  an  aromatic 
one,  the  preponderance  of  the  latter  configuration  being  originally 
supposed  in  view  of  the  resonance  stabilisation  energy  associated  with 
an  aromatic  system. 

We  believe  that  the  librational  motion  in  the  phenyl  group 
provides  the  energy  necessary  to  overcome  this  aromatic  stabilisation 
energy  barrier  such  that  a  system  with  conjugation  extending  across  the 
whole  molecule  results  (Figure  3).  In  turn,  bond  parameters  show  that 
the  resulting  neutral  conjugated  system  exhibits  a  good  level  of 
resonance  with  its  charge-separated  state  which  is  important  for 
minimising  bond-length-altemation  and  enhancing  molecular  CT  and 
thus  Pijk-  Whilst  libration  is  present  primarily  in  this  ring,  the  nitrile 
groups  also  librate,  albeit  to  a  lesser  extent.  This  results  in  a  greater 
susceptibility  of  the  triple-bonds  to  vary  in  bond-order  with  time.  A 
reduction  in  triple-bond  character  yields  a  lower  bond-length  alternation 
value  which  further  enhances  SHG  activity.  The  analysis  of  libration 
thus  clearly  helps  to  more  fully  rationalise  the  structural  origins  of  the 
favourable  SFIG  properties  in  DCNP. 


FIGURE  3:  Overcoming  the  aromatic  stabilisation  energy  and 

resulting  resonance  structures  of  DCNP. 
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CONCLUDING  REMARKS 

The  study  on  libration  in  DCNP  hitherto  described  illustrates  the 
potential  importance  of  libration  on  SHG  activity  in  organic 
compounds.  In  this  example,  its  role  appears  to  significantly  enhance 
the  molecular  CT  and  thus  pjjk  by  alleviating  the  energy  barrier  from 
the  aromatic  to  quinoidal  electronic  configuration. 
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Polydiacetylene  (PDA)  single  crystals  show  extremely  high  and  aniso¬ 
tropic  values  of  the  third  order  susceptibility.  Here  we  describe  a  meth¬ 
od  to  prepare  polydiacetylene  single  crystal  thin  films  of  about  a 
micrometer  thickness  and  several  square  millimeters  surface  area.  It  is 
shown  how  to  grow  single  crystals  of  the  monomer  and  how  to  avoid 
crystal  cleaving  or  other  damages  during  the  polymerization  process 
that  usually  occur  due  to  a  slight  contraction  of  the  crystal.  Being  a  one- 
pass  crystallization  process,  the  resulting  optical  quality  is  very  good, 
and  the  films  are  well  suited  as  wave  guides.  No  difference  of  (linear) 
optical  properties  were  found  in  these  thin  film  single  crystals  when 
compared  to  macroscopic  PDA  ciystals. 


Keywords:  polydiacetylene;  organic  crystal;  wave-guide;  non-linear 
optics 


INTRODUCTION 

All-optical  switching  may  be  a  key  technology  to  handle  the  drastic  in¬ 
crease  of  data  transmission  than  can  be  expected  within  the  next  10 
years-  Although  much  research  has  been  done  in  this  area,  no  suitable 
solution  has  yet  appeared.  For  a  long  time,  the  main  approach  was  to 
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search  for  materials  with  a  significantly  higher  nonlinear  optical  suscep¬ 
tibility  but  switching  times  still  in  the  sub-picosecond  regime.  In 
recent  years,  optimized  device  geometries  were  proposed  instead,  to 
make  use  of  linear  dispersion  as  well  as  of  the  nonlinearity.  The  linear 
dispersion  of  a  waveguide  can  be  tailored  by  periodic  modulation  of  the 
guide  index,  to  add  to  the  effect  of  the  nonlinearity  [1], 

A  key  to  an  all-optical  switch  therefore  is  a  good  waveguide. 
Ideally,  the  nonlinear  medium  itself  is  used  for  guiding  the  wave,  to  use 
its  full  intensity  for  triggering  nonlinear  effects.  Therefore,  the  material 
should  provide  low  losses  on  a  length  scale  needed  to  build  a  working 
switch  with  the  material’s  nonlinearity.  PDA  single  crystals  show  one  of 
the  largest  nonresonant  nonlinear  susceptibilities  ~  10“‘*^esu).  For 
these  crystals  and  the  gap  soliton  switch  geometry,  simulations  yielded 
a  typical  length  of  0.3mm  to  observe  a  switching  effect  [2].  For  a 
monomode  waveguide,  the  thickness  must  be  of  the  order  of 
wavelength. 

The  main  problems  in  polymers  are  not  usually  absorptive  losses, 
but  scattering  due  to  microcrystallinity,  inhomogenities  and  impurities. 
An  elegant  way  to  avoid  these  sources  of  scattering,  is  to  use  thin  single 
crystals  in  the  correct  geometry. 

Poly  diacetylenes  show  a  unique  feature  in  that  it’s  possible  for 
many  of  its  derivatives  to  polymerize  in  a  crystal,  resulting  in  alignment 
of  all  the  polymer  backbones  [3].  The  polymerization  process  can  be 
triggered  by  gamma  ray  treatment  or  even,  with  some  derivatives,  by 
modest  heating.  The  polymerization  reaction  causes  a  contraction  in  the 
chain  direction.  This  results  in  a  strain  in  the  monomer  crystal,  once  a 
certain  amount  of  polymers  have  been  induced.  The  crystal  strain  drives 
the  polymerization  reaction  of  the  remaining  monomer  [4].  The  contrac¬ 
tion  in  the  direction  of  the  reaction  is  especially  high  for  the  thermally 
polymerizable  polydiacetylenes,  e.g.  5%  forTS-6. 


PROBLEMS  WITH  CURRENT  METHODS  TO  PREPARE  PDA 
CRYSTALS 

Preparing  crystals  of  polydiacetylene  involves  a  two-step  process.  First, 
a  crystal  of  diacetylene  monomer  is  grown,  then  this  monomer  crystal  is 
turned  into  a  polymer  crystal  by  gamma  ray  treatment  or  heating. 

The  first  step  has  been  widely  discussed  in  the  past,  and  some 
methods  were  published  that  are  very  suitable  to  generate  monomer 
waveguides.  To  prepare  the  monomer  crystals,  we  use  a  growth  method 
similar  as  published  and  patented  by  Thakur  and  Meyler  [5,  6]: 
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A  liquid  layer  of  dissolved  monomer  is  packed  between  two  sub¬ 
strates.  While  applying  pressure  to  the  substrates,  the  solvent  is  slowly 
evaporated.  The  pressure  can  be  used  to  control  the  resulting  film 
thickness.  If  you  do  this  at  reduced  temperatures  and  choose  a  slowly 
evaporating  solvent,  you  may  delay  the  process  to  a  period  of  about  a 
month.  Then,  monomer  crystals  of  typically  2  mm  lateral  size  and  1  pm 
thickness  form  without  further  interaction.  These  crystals  have  a  good 
optical  quality  and  smooth  surfaces;  as  such  they  are  suited  as  wave¬ 
guides,  but  they  don’t  have  any  extraordinary  optical  properties;  huge 
optical  nonlinearities  only  appear  after  polymerization. 

However,  this  second  step,  the  polymerization,  involves  a  major 
problem,  as  there  is  a  slight  contraction  of  the  crystal  in  the  direction  of 
the  forming  polymer  chains.  This  causes  two  types  of  cracks  in  the  crys¬ 
tals:  as  expected,  wide  cracks  perpendicular  to  the  polymer  chains,  typ¬ 
ically  separated  by  about  a  millimeter,  but,  much  worse,  due  to  lateral 
contraction  and  the  low  mechanical  stability  of  the  crystals  against 
stress  perpendicular  to  the  polymer  chains,  very  fine  regular  cracks  par¬ 
allel  to  the  chains,  separated  by  some  10pm.  Tliese  latter  cracks  inhibit 
any  use  as  nonlinear-optical  waveguides,  because  the  electrical  field 
vector  must  be  parallel  to  the  chains  and  therefore  the  wave  must  prop¬ 
agate  in  a  direction  perpendicular  to  the  cracks. 


NEW  PREPARATION  STEP  TO  AVOID  CRACKING 

To  address  this  problem,  the  monomer  crystals  should  be  removed  from 
the  substrate  before  polymerization.  Although  it  is  possible  to  remove 
them  partially,  simply  by  putting  the  substrates  in  a  bath  of  water,  with 
detergent  to  reduce  surface  tension,  only  smaller  crystals,  or  small  parts 
of  the  larger  ones,  will  detach  from  the  substrate  surfaces.  Also,  leaving 
them  in  the  bath  for  long  time  destroys  the  crystal  surfaces. 

The  general  idea  that  allowed  us  to  successfully  circumvent  this 
problem  is,  instead  to  remove  the  crystals  from  the  substrate,  to  dis¬ 
solve  the  substrate  itself. 

The  choices  of  buffer  layer  material,  solvent  for  monomer  solu¬ 
tion,  and  solvent  for  buffer  layer  obviously  must  fulfil  the  condition  that 
the  solvent  for  the  monomer  solution  may  not  react  with  the  buffer 
layer  and  the  solvent  for  the  buffer  layer  may  not  dissolve  the  monomer 
crystals.  We  use  a  mixture  of  Acetone  and  Cyclohexanone  as  solvent  for 
the  monomer  solution,  while  the  formed  crystals  do  not  dissolve  in  wa¬ 
ter.  An  ideal  candidate  for  the  buffer  layer  material  was  therefore  found 
in  the  water  dissolvable  Polyvinylalcohole  (PVOH). 
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FIGURE  1  Scheme  of  the  layered  setup  to  grow  monomer  crys¬ 
tals,  By  slow  evaporation  of  the  solvent,  diacetylene  monomer 
crystals  form  in  the  central  layer.  These  crystals  can  be  detached 
from  the  substrates  without  mechanical  stress  by  dissolving  the 
buffer  layer  in  a  water  bath. 

The  practical  realization  is  only  slightly  more  complicated;  a  five  layer 
structure,  where  on  each  glass  substrate  is  coated  an  additional  thin  dis¬ 
solvable  buffer  layer,  just  thick  enough  (about  1  pm)  to  keep  the  form¬ 
ing  crystals  from  direct  contact  to  the  glass  substrate  (figure  1).  Dis¬ 
solving  the  buffer  layer  is  much  faster  than  dissolving  a  whole  sub¬ 
strate,  and  we  avoid  mechanical  stress  to  the  crystals  that  could  be  ex¬ 
pected  by  soaking  thick  layers  of  PVOH. 

Using  this  setup,  the  formed  monomer  crystals  can  be  removed 
from  the  substrates  without  any  mechanical  damage.  The  free  floating 
crystals  can  then  be  polymerized  in  the  water  bath  by  heating  and  final¬ 
ly  be  brought  to  any  (water  resist)  target  substrate. 

As  a  test  for  the  crystal  surface,  and  especially  its  homogeneity, 
we  put  the  crystals  between  crossed  polarizers.  Because  of  the  large  bi¬ 
refringence,  the  crystal  destroys  the  linear  polarization  from  the  pola¬ 
rizer  if  the  polymer  axes  are  not  exactly  parallel  or  perpendicular. 
Therefore,  if  the  crystal  is  aligned,  but  contains  misaligned  or  even 
polycrystalline  domains,  these  domains  will  be  visible  as  bright  areas. 
With  our  preparation  method,  nearly  all  crystals  show  uniform  orienta¬ 
tion  of  the  polymer  backbones  over  the  whole  crystal,  i.e.  they  are 
monocrystalline.  If  the  crystal  is  turned  out  of  alignment,  it  appears 
bright.  In  this  view,  inhomogenities  of  thickness,  cracks  and  other  de¬ 
fects  can  be  seen  very  clearly  (figure  2).  As  expected,  the  crystals  show 
only  a  few  singular  defects,  probably  caused  by  dust  particles,  and  few 
cracks  at  the  crystal’s  ends. 

No  difference  of  linear  optical  properties  were  found  in  these 
crystals  when  compared  to  other  PDA  crystals  [7]. 


FIGURE  2  p-TS-6  crystal  between  two  crossed  polarizers.  The 
crystal  axes  are  turned  45°  against  the  polarizer  direction. 


ATTACHING  THE  CRYSTALS  TO  THE  TARGET  SUBSTRATE 

As  shown  in  AFM  measurements  (figure  3),  there  are  net-like  structures 
on  the  surface  of  the  crystals,  with  a  height  of  typically  50  nm  and  a 
mesh  size  of  ~  1  pm.  We  assume  that  these  structures  result  from  de¬ 
posits  from  the  drying  water.  Therefore,  it  is  important  that  the  bubble, 
in  which  the  crystal  is  transferred  to  the  final  substrate,  consists  of  a 
clean  solvent. 


FIGURES  Net-like  structures  on  a  crystal  surface,  as  seen  by 
atomic  force  microscopy. 


To  achieve  this,  after  polymerizing  we  put  the  crystal  directly,  without 
letting  it  dry,  through  a  series  of  solvent  baths,  water,  acetone,  and 
hexane.  Indeed,  the  resulting  surface  did  only  show  a  different,  much 
smaller  structure  (figure  4).  Its  origin  is  yet  unknown,  but  the  structure 
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FIGURE  4  Surface  of  a  crystal  that  was  put  through  the  de¬ 
scribed  series  of  baths  of  increasing  purity.  Note  the  different 
scales  in  comparison  to  figure  3. 
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SHG-active  p-nitroaniline  thin  films  grown  by  dip-coating 
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Thin  films  that  are  strongly  second-harmonic  active  are  grown  when 
p-nitroaniline  is  dip-coated  on  a  glass  plate.  The  intensity  of  the 
second  harmonics  is  comparable  to  that  from  a  film  of 
2-methyl-4-nitroaniline.  The  SHG-active  phase  is  metastable  and 
undergoes  a  transition  into  a  SHG-inactive  phase,  the  transition  rate 
being  dependent  on  the  temperature  and  the  solvent  used. 


Keywords  p-nitroaniline;  second  harmonic  generation;  thin  film 


INTRODUCTION 


p-Nitroaniline  (p-NA)  is  a  compound  which  has  a  large 
second-order  polarizability.  However,  it  crystallizes  in  a 
centrosymmetric  structure  and  the  crystal  is  considered  to  be  inactive 
in  SHG.  Effort  has  been  made  to  realize  a  SHG-active  system  by 
arranging  p-NA  moiety  in  a  favourable  way,  e.g.,  by  electrical  poling 
[1],  co-crystallization  [2],  epitaxy  [3].  We  have  reported  m 
observation  that  an  intense  second-harmonic  is  generated  at  etch  pits 
developed  on  a  single  crystal  surface.  It  is  supposed  that  a 
microcrystal  having  an  acentrosymmetric  structure  grows  at  the  etch 
pits  [4].  Here  we  report  another  example  in  which  a  SHG-active 
arrangement  of  p-NA  molecules  is  realized.  Thin  films  prepared  by 
dip-coating  exhibit  intense  SHG,  comparable  to  thin  films  of 
2-methyl-4-nitroaniline  (MNA) .  Interestingly,  the  SHG  activities  of 
films  prepared  with  different  organic  solvents  differ  in  durability,  as 
well  as  its  magnitude.  The  SHG-active  phase  seems  to  be 
metastable  and  changes  into  an  inactive  phase,  with  a  half  life  which 
depends  both  on  the  temperature  and  the  solvent  used. 
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EXPERIMENTAL 


P“NA  was  purchased  from  Tokyo  Kasei  Co.  and  was  purified  by 
zone-melting.  Glass  plates  were  cleaned  by  sonicating  in  an  ethanol 
solution  and  were  used  as  substrates.  Thin  films  were  formed  by 
dipping  the  substrate  into  a  solution  or  by  spin-coating.  The 
coverage  was  determined  by  measuring  the  absorbance  of  a  solution, 
prepared  by  dissolving  a  film  in  ethanol. 

A  SHG  image  of  a  film  was  taken  with  an  arrangement  shown  in 
Fig.  1 .  A  film  was  illuminated  with  a  pulse  from  a  Q-switched  Nd: 
YAG  laser  (New  Wave  Research,  MiniLase  2).  The  image  of  the 
illuminated  area  was  magnified  by  an  objective  lens,  the  1.06  //  m 
component  being  removed  with  a  combination  of  a  dichroic  mirror 
and  a  filter  (HOY A,  CM500),  and  focused  on  a  CCD  (MK-0321E). 
For  taking  a  conventional  microscope  image  the  Nd:  YAG  laser  was 
replaced  by  a  tungsten  lamp. 

X-ray  diffraction  was  measured  with  a  diffractometer  (Rigaku, 
RINT2000)  with  an  X-ray  tube  with  a  chromium  target  (A  = 
2.2896  A ) .  A  6  -2  6  scan  was  made  which  gives  a  conventional 
powder  pattern  when  the  sample  was  in  a  powder  form.  When 
applied  to  a  film  grown  on  a  plane  surface,  this  procedure  probes  the 
periodicity  along  the  surface  normal. 


Objective  lens 


FIGURE  1  Experimental  arrangement  for  SH-detected  microscopy. 
RESULTS  AND  DISCUSSION 


The  intensity  of  the  second-harmonics  from  a  thin  film  depends  on 
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the  solvent  used.  While  SHG~active  films  grow  from  ether  or 
benzene  solution,  films  grown  from  ethanol  or  acetone  are  mostly 
inactive  in  SHG.  A  film  grown  from  a  benzene  solution  exhibits 
SHG  that  is  comparable  in  intensity  to  those  of  MNA. 

Another  factor  which  influences  the  film  growth  is  the  speed  of  the 
solvent  evaporation.  A  slow  evaporation  of  benzene  solution  leads 
to  a  SHG-inactive  film,  while  spin-coating  or  dip-coating,  where 
solvents  evaporate  rapidly,  results  in  films  that  are  SHG-active. 

Figure  2  shows  microscopic  images  of  a  p-NA  thin  film,  spin-coated 
with  a  benzene  solution.  The  image  (a) ,  taken  with  tungsten  lamp 
illumination,  shows  that  the  film  is  composed  of  needle,  or  fibrous, 
crystals,  several  microns  thick  and  tens  of  microns  long.  The  SH 
image  (b)  has  been  taken  with  illumination  with  circularly  polarized 
light.  It  is  clearly  seen  that  needle  (or  fibrous)  crystals  are 
responsible  for  the  SHG-activity. 


FIGURE  2  Microscopic  images  of  a  p-nitroaniline  thin  film 
spin-coated  with  a  benzene  solution  (a)  with  conventional  lighting, 
(b)  (c)  (d)  the  same  field  taken  with  SH  detection.  The  image  (Iv 
has  been  taken  with  circularly  polarized  excitation.  In  (c)  and  (d) 
the  arrows  show  the  orientation  of  the  polarizer  for  the  fundamental. 
Second-harmonic  is  generated  when  the  laser  light  is  polarized 
parallel  to  the  needle  axes. 
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Images  (c)  and  (d)  are  also  SH  images  and  have  been  taken  with 
illumination  with  linearly  polarized  light.  The  arrows  indicate  the 
direction  of  the  electric  field  of  the  illuminating  light  (1.06  u  m) . 

It  may  be  seen  that  in  Fig.  2(c)  horizontal  lines  are  accentuated, 
while  in  Fig.  2(d)  vertical  lines  are  prominent.  By  comparing  these 
observations  with  Fig.  2(b)  one  can  conclude  that  second-harmonic 
is  generated  when  the  polarization  of  the  laser  is  parallel  to  the 
needle  axes  of  the  crystals.  This  in  turn  suggests  a  crystal  structure 
which  is  asymmetric  along  the  needle  (or  fiber)  axis  of  the  crystal. 
The  films  prepared  with  benzene  or  ether  solution  do  not  relax  into 
SHG-inactive  form  at  room  temperature.  Their  SHG  activity  does 
show  deterioration  when  the  films  are  stored  at  an  elevated 
temperature,  but  this  decline  seems  to  be  due  to  the  evaporation  of 
the  material,  rather  than  a  solid-to-solid  phase  transition. 


FIGURE  3  Microscopic  images  of  a  p-nitroaniline  thin  film 
prepared  by  spin-coating  from  an  ethanol  solution.  (a)  With 
conventional  illumination  with  a  tungsten  lamp,  (b)  A  SH  image 
of  the  same  field,  2  min  after  preparation.  The  illumination  was 
made  at  1064  nm  and  the  image  was  detected  at  532  nm.  Note  that 
most  crystals  are  inactive  in  this  case.  Only  crystals  grown  in  the 
last  phase  of  the  drying  seem  to  be  active  in  SHG.  (c)  The  same 
as  in  (b) ,  but  after  7  min. 
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Figure  3  shows  microscopic  images  of  a  film  prepared  by 
spin-coating  of  an  ethanol  solution.  Figure  3(a)  shows  an  image 
taken  with  conventional  illumination.  It  is  seen  that  the  crystals 
have  a  habit  quite  different  from  crystals  grown  from  a  benzene 
solution  (Fig.  2  (a) ) .  The  crystals  are  largely  leaflets,  rather  than 
needles.  Figure  3  (b)  shows  the  second-harmonic  image  taken  with 
circularly  polarized  light.  It  may  be  seen  that  most  of  the  crystals 
are  inactive  in  SHG.  Only  a  small  fraction  of  the  ciystals  are  active. 
Those  crystals  which  are  SHG-active  are  localized  along  lines  which 
form  the  boundaries  between  the  domains  and  might  have  been 
formed  at  the  last  phase  of  the  drying  process.  This  observation 
suggests  possible  role  of  an  impurity,  or  water,  in  the  nucleation 
process.  Figure  3  (c)  shows  SHG-image  of  the  same  field,  but  7 
minutes  after  preparation.  It  clearly  shows  that  the  SHG  activity  of 
the  film  decreases  rapidly  with  time. 

Crystal  structure  analysis  of  the  SHG-active  phase  has  not  been 
made.  We  have  made  preliminary  measurements  of  X-ray 
diffraction  with  the  film.  Figure  4  (a)  shows  a  powder  diffraction 
pattern  taken  with  ordinary  p-NA  powder  which  is  inactive  in  SHG. 
The  peak  at  38  °  is  the  reflection  from  (202)  plane  and  corresponds 
to  the  thickness  (3.5  A)  of  a  layer  in  which  p-NA  molecules  are 
lying  flat  [5].  Figure  4(b)  shows  the  diffraction  from  powder  of 
SHG-active  crystals.  The  sample  has  been  collected  by  scratching 
off  the  SHG-active  films  by  razor  blades.  We  have  found  that  the 
SHG-activity  goes  lost  on  grinding  the  powder.  Accordingly,  the 
collected  powder  was  only  filtered  with  a  stainless  steel  mesh  (100 
mesh)  and  pressed  against  a  quartz  plate  for  diffraction 
measurements.  The  results  in  Fig.  4(b)  indicate  that  the 
SHG-active  phase  has  a  structure  different  from  an  ordinary  crystal. 
The  (202)  peak,  which  is  strong  in  the  ordinary  crystal,  is  much 
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weaker  in  the  SHG-active  powder,  and  gains  intensity  as  the 
SHG-activity  deteriorates.  Figure  4  (c)  shows  the  diffraction  pattern 
obtained  from  an  SHG-active  film.  Only  a  single  peak  is  seen 
which  corresponds  to  the  (202)  reflection  of  the  ordinary  phase. 
This  suggests  that  molecules  are  lying  flat  on  the  surface  of  the 
substrate  and  form  a  layer-like  stack,  as  in  the  ordinary  phase.  The 
most  prominent  feature  of  the  structure  is  its  polarity  (lack  of 
centrosymmetry)  that  is  responsible  for  its  SHG-activity. 
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with  N-4-nitrophenyl-(L)-proIinol  Nanocrystals 


IRENE  WANG^  NATHALIE  SANZ^  ALAIN  IBANEZ^  PATRICE 
L.  BALDECK^ 

^  Laboratoire  de  Spectrometrie  Physique,  Universite  J.  Fourier,  CNRS 
(UMR  5588)  -  BP  87,  38402  Saint  Martin  d’Heres  cedex,  France; 
'’Laboratoire  de  Cristallographie,  CNRS,  BP  166,  38042  Grenoble 
cedex  09,  France. 


We  have  observed  second  harmonic  generation  (SHG)  in  N-4- 
nitrophenyl-(L)-prolinol  (NPP)  nanocrystals  embedded  in  sol-gel  glass. 
The  harmonic  signal  was  produced  in  localised  areas.  A  16  T  magnetic 
field  was  applied  to  some  samples  during  the  crystallisation  process.  In 
these  samples,  the  frequency  of  occurrence  of  the  SHG  signal  is 
increased.  To  better  understand  these  observations,  samples  containing 
a  non-polar  SHG  active  molecule:  3 -methyl -4-nitropyridine-l -oxide 
(POM)  were  also  elaborated.  POM  nanocrystals  did  not  generate 
second  harmonic  signal  whether  they  were  prepared  under  magnetic 
field  or  not.  Therefore,  dipolar  interactions  between  NPP  nanocrystals 
may  lead  to  the  formation  of  oriented  domains  in  the  sol-gel  media. 


Keywords  sol-gel  glass;  organic  nanocrystals;  second-harmonic 
generation 


Organic  nanocrystals  in  sol-gel  glasses  [1]  are  a  promising  new  type  of 
material  for  optical  applications.  Solid  transparent  optical  grade 
samples  in  bulk  or  thin  film  can  be  obtained  with  high  concentration  in 
active  organic  molecules  (>30%  in  weight).  Organic  crystals  received 
much  attention  because  of  their  large  quadratic  nonlinear  response  in 
the  visible  and  near  infrared  spectral  range.  Here  we  want  to  study  the 
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second-order  nonlinear  properties  of  organic  nanocrystals  which  may 
become  a  suitable  alternative  to  large  single  crystals  due  to  their  easy 
processing  and  better  stability.  We  present  preliminary  tests  on 
nanocrystals  of  N-4-nitrophenyl-(L)-prolinol  (NPP),  which  has  already 
been  extensively  studied  for  applications  in  quadratic  nonlinear  optics 
[2-7],  and  3-methyl-4-nitropyridine-! -oxide  (POM)  [8]. 

Bulk  sol-gel  samples  containing  NPP  and  POM  nanocrystals 
were  prepared.  We  could  identify  by  transmission  electron  microscopy 
organic  crystals  with  sizes  ranging  from  1 2  to  24  nm  that  are  randomly 
dispersed  in  the  gel  glass,  the  average  inter-particle  distance  being 
approximately  100  nm.  Magnetic-field  oriented  samples  were  prepared 
using  a  superconducting  coil  to  apply  a  16  T  magnetic-field  during  the 
nucleation  and  growth  of  nanocrystals.  The  detailed  elaboration  process 
will  be  reported  separately. 

The  NPP  nanocrystals  structure  is  still  unknown.  In  this  paper, 
we  assume  in  a  first  approximation  that  it  is  close  to  the  bulk  crystal 
structure  given  in  Ref  2. 


INFLUENCE  OF  THE  MAGNETIC  FIELD 

Like  most  organic  material,  NPP  and  POM  molecules  show 
diamagnetic  anisotropy.  In  their  case  it  is  dominated  by  the  anisotropy 
of  the  aromatic  ring.  The  induced  magnetic  moment  is  orthogonal  to  the 
plane  of  the  benzene  ring.  As  a  result,  under  the  magnetic  field,  the 
molecules  tend  to  lay  in  the  plane  perpendicular  to  its  direction  as 
indicated  on  fig.l.  On  this  figure,  only  one  molecule  was  represented 
for  simplicity,  but  efficient  orientation  will  occur  only  for  aggregates 
big  enough  so  that  magnetic  interaction  energy  becomes  comparable  to 
thermal  agitation.  For  bulk  NPP  crystals,  the  molecular  packing  shows 
that  all  molecular  mean  planes  are  parallel,  thus  forming  a  cleavage 
plane  [2],  Therefore,  it  can  be  inferred  that  magnetic  field  favours  the 
formation  of  nanocrystals  with  the  same  crystalline  structure  as  in  the 
bulk  and  preferential  orientation  of  the  cleavage  plane  orthogonal  to  the 
magnetic  field  direction. 


FIGURE  1  Preferential 
orientation  in  presence  of 
magnetic  field 
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Birefringence  observations  carried  on  NPP  doped  samples 
confirms  the  magnetic  field-induced  anisotropy.  In  a  first  evaluation, 
the  resulting  birefringence  is  estimated  to  be  An=0.004. 


SECOND  HARMONIC  MEASUREMENTS 

All  samples  have  been  tested  for  SHG  using  a  Nd-YAG  laser  with  2.6 
ns  pulse  duration  and  300  mj  maximum  pulse  energy.  The  beam 
incident  on  the  sample  has  an  2.5mm  radius.  On  NPP  samples  prepared 
without  magnetic  field,  second  harmonic  generation  could  be  observed 
at  some  areas.  Those  samples  which  had  undergone  magnetic  field 
exhibited  more  numerous  areas  showing  harmonic  response.  On  POM 
samples  however,  no  harmonic  signal  could  be  detected  whatever  the 
preparation  manner. 

In  order  to  determine  the  structure  of  the  SHG  active  areas  in 
NPP,  measurements  were  performed  using  variable  polarisation  at 
normal  incidence.  Samples  with  all  four  faces  polished  were  elaborated 
for  this  purpose  so  that  both  parallel  and  perpendicular  propagation 
directions  with  respect  to  the  magnetic  field  could  be  investigated.  The 
fundamental  wave  at  X- 1.1 4pm  had  nanosecond  pulse  duration  and 
lOpJ  average  energy.  It  was  focused  in  the  sample  into  a  200pm 
diameter  waist.  The  linear  polarisation  of  the  incident  beam  was  made 
to  rotate.  Either  the  total  SHG  output  intensity  was  recorded  or  an 
analyser  was  used  to  select  one  polarisation  of  the  harmonic  signal. 

The  data  obtained  proved  to  be  often  difficult  to  interpret  due  to 

the  superposition  of  signals  originating  from  adjacent  areas  with 

different  orientations.  Fig.2  displays  a  typical  curve  when  the  sample  is 

probed  with  the  laser  beam  perpendicular  to  the  magnetic  field  to  which 

it  has  been  submitted. 
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FIGURE  2  Polarisation  analysis  of  SHG  for  propagation 

direction  orthogonal  to  magnetic  field  (no  analyser). 
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The  intensity  maxima  occur  when  the  incident  polarisation  is  parallel  to 
the  preferential  orientation  of  the  molecular  charge  transfer  plane  that 
we  have  predicted.  This  confirms  the  magnetic  field  induced 
orientation. 

When  probing  with  the  beam  at  normal  incidence  on  the 
preferential  plane  for  molecular  orientation,  the  data  shown  on  fig. 3 
have  been  obtained  for  one  particular  area.  As  the  SHG  signal  almost 
reaches  zero  for  some  incident  polarisation,  we  can  assume  that  it  is 
emitted  by  one  domain  where  all  particles  arc  approximately  oriented  in 
the  same  direction.  The  polarisation  dependencies  recorded  for  other 
SHG  active  areas  can  be  interpreted  as  the  superposition  of  two  or  more 
of  such  responses  that  are  not  in  phase. 

I  *  X  polarized  oulpul  signal  l 
•  Y  polarized  output  signal 


■  no  analvzer 


0  60  120  1B0  2<0  300  36C 

Incident  polarisation  angle  Idegt 


FIGURE  3  Polarisation  analysis  of  SHG  for  propagation 
direction  parallel  to  magnetic  field. 


The  following  equations  were  used  to  fit  the  data  on  fig. 3: 

All,  oc|'^cos'(6^-^j-fsin'(6'-6'jj  +f2^cos(6'-6>o)sin(6'-^,) 


/  y  oc 
I,cc 


0^22 


O' -.3 


2  ^  cos(i9o) cos(6'  -  )sin(<9  -  )-  sin(^(,  )|  ^  cos'  -  <9, )+  sin ^  ) 


2 sin(6>, ) cos((9 - 6^ )sin(^ - )+  cos{0q )  ^ cos^ (O  -6^)+sW{6 -0^) 

Q'lo  O',-, 


The  overall  corresponding  symmetry  is  shown  on  fig. 4; 
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FIGURE  4  Dielectric  framework  deduced  from  the  data  on  fig.3 

aji  and  a22  are  the  coefficients  of  the  nonlinear  susceptibility  in  the 
YT'axes.  The  ratio  a2i  a22  provides  an  evaluation  of  the  charge  transfer 
direction,  as  microscopic  1  D  model  for  the  quadratic 
hyperpolarizability  J3  was  shown  to  be  valid  for  NPP  [5],  The  angle 
between  the  two-fold  axis  X'  and  the  charge  transfer  axis  was  found  to 
be  56°,  a  value  very  close  to  that  of  bulk  NPP  crystals  (58.6°). 

It  was  not  possible  to  determine  the  size  of  this  coherent  area,  as 
our  resolution  is  limited  by  the  waist  of  the  laser  beam  (approx. 
200pm).  Estimation  of  the  conversion  efficiency  leads  to  a  total  volume 
of  emitting  crystals  of  1.5pm\  Taking  into  account  the  sol-gel  media, 
the  active  volume  should  be  approximately  50pm^. 


DISCUSSION 

The  observation  of  SHG  on  NPP  samples  demands  further 
understanding.  Providing  the  particles  were  in  a  totally  disordered  state, 
the  media  will  appear  homogenous  and  centrosymmetric  to  the  incident 
light,  because  the  size  and  inter-particle  distance  of  the  NPP 
nanocrystals  are  very  small  compared  to  the  probing  wavelength.  In  this 
case  no  harmonic  wave  should  be  generated.  The  centrosymmetry 
should  not  be  broken  when  a  magnetic  field  is  applied  to  the 
nanocrystals,  for  it  let  them  freely  rotate  in  a  plane  orthogonal  to  its 
direction. 

These  assertions  seem  to  explain  why  POM  nanocrystals  were 
found  to  be  SHG  inactive.  The  main  difference  between  POM  and  NPP 
nanocrystals  is  that  the  permanent  dipole  moment  of  NPP  is  about  7  D 
whereas  POM  has  almost  no  molecular  dipole  moment.  Therefore,  the 
detection  of  a  harmonic  wave  may  be  attributed  to  the  formation  of 
locally  non-centrosymmetric  domains  in  the  assembly  of  NPP 
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nanocrystals,  because  of  their  strong  dipolar  interactions.  Application  of 
a  magnetic  field  helps  to  reduce  the  orientation  disorder  of  the  crystals 
by  creating  a  plane  of  preferential  orientation.  This  can  result  in  more 
numerous  well-defined  domains.  The  response  shown  on  fig. 3.  may 
come  from  one  domain  of  oriented  nanocrystals.  The  mechanism  of  this 
self-orientation  as  well  as  the  possibility  to  obtain  further  experimental 
evidence  are  still  to  be  investigated. 


CONCLUSION 

Sol-gel  glasses  containing  NPP  nanocrystals  were  shown  to  exhibit 
second  harmonic  generation  in  localised  areas.  This  tendency  is 
enhanced  when  a  magnetic  field  is  applied  during  crystallisation 
causing  the  media  to  become  birefringent.  Comparison  between  two 
different  nonlinear  molecules.  NPP  and  POM,  leads  us  to  form  the 
hypothesis  that  SHG  signal  originate  from  non-centrosymmetric  local 
self-oriented  areas  which  are  made  up  by  the  strong  dipolar  interaction 
between  nanocrystais. 
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From  refractive  index  measurements  performed  by  the  minimum 
deviation  method  we  derive  a  set  of  Sellmeier  coefficients  for  (S)-3- 
Methyl"5-nitro-N-(l-phenylethyI)-2-pyridinamine  (S3MeMBANP).  By 
using  our  Sellmeier  set,  whose  accuracy  has  been  confirmed  by  a  second 
harmonic  generation  experiment,  we  calculate  the  phase  matching 
properties  of  S3MeMBANP  for  all  the  principal  planes. 


Keywords  Nonlinear  optics;  Phase-matching;  Second-harmonic 
generation;  Organic  crystals 


Organic  nonlinear  optical  materials  are  promising  candidates  for 
playing  a  key  role  in  the  field  of  optical  wave  manipulation  [1],  because 
they  may  present  a  large  and  fast  nonlinear  response.  By  exploiting  the 
unlimited  variety  of  available  molecules  that  can  be  developed  through  a 
molecular  engineering  approach  several  organic  crystals  were  proposed 
and  tested  for  nonlinear  optical  studies.  The  crystal  MBANP,  (S)-5-nitro- 
N-(l-phenylethyl)-2-pyridinamine,  developed  since  the  early  1980’s  [2], 
possesses  significant  second  order  optical  nonlinearities  in  the  near 
infrared,  but  the  disposition  of  the  dielectric  axes  and  refractive  indices  is 
not  particularly  favourable  to  the  production  of  large  phase-matched 
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second  harmonic  signals  [3].  In  the  past  few  years,  a  number  of 
derivatives  of  MBANP  have  been  synthesised  in  order  to  investigate  if 
they  may  crystallise  in  more  advantageous  ways  [3]. 

Among  those  derivatives,  an  interesting  one  is  S3MeMBANP, 
(S)-3-Methyl-5-nitro-N-(l-phenylethyl)-2-pyridinamine,  a  methyl- 
substituted  derivative  of  MBANP,  identified  as  having  significant 
second-order  susceptibilities  [3].  The  structural  formula  of 
S3MeMBANP  is  given  in  Figure  1. 


FIGURE  1  Structural  formula  of  S3MeMBANP. 

The  S3MeMBANP  crystal  is  orthorhombic,  of  space  group  P2i2i2i  and 
point  group  222.  A  detailed  description  of  this  crystal  can  be  found  in  [4]. 
Ease  of  crystal  growth  is  an  attractive  feature  of  S3MeMBANP  and,  in 
general,  of  this  family  of  derivatives  of  MBANP,  possibly  associated 
with  the  L-shaped  structure  of  the  molecules  and  the  propensity  to  form 
strong  hydrogen  bonded  chains  in  certain  directions.  Large,  high  quality, 
single  crystals  of  S3MeMBANP  of  size  up  to  40  x  40  x  15  mm^  can  be 
grown  either  from  solution  by  the  temperature  lowering  technique  or  by 
the  Bridgman  technique  [4],  allowing  a  complete  optical  characterization. 
A  sketch  of  the  orientation  of  the  crystals  used  in  our  experiments  is 
given  in  Figure  2. 

A  set  of  Sellmeier  expressions  for  the  principal  refractive  indices 
nx,  ny  and  nz  has  already  been  given  in  [4],  but  its  validity  is  limited  to 
wavelengths  below  1.1  pm.  We  performed  a  linear  characterization  of 
this  crystal  at  longer  wavelengths,  measuring  all  the  principal  refractive 
index  dispersion  curves,  by  mean  of  two  prisms  of  S3MeMBANP  with  a 
different  cut  (Figure  2b).  From  our  data  we  derive  a  new  set  of  Sellmeier 
coefficients  whose  validity  extends  up  to  1600  run.  We  checked  the 
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accuracy  of  our  Sellmeier  set  by  a  second  harmonic  generation  (SHG) 
experiment,  performed  on  two  different  samples  of  S3MeMBANP  (see 
Figure  2a),  whose  orientation  is  rather  similar  except  for  a  different  tilt 
angle  6  between  the  surface  normal  and  the  x  axis.  The  tunable  source 
used  in  our  experiments  is  a  p-barium  borate  (BBO)  type-I  optical 
parametric  oscillator  (OPO)  synchronously  pumped  by  a  frequency 
doubled,  30  ps  active/passive  mode-locked,  10  Hz,  Nd:YAG  laser.  The 
OPO  bandwidth  is  reduced  to  approximately  0.3  nm  by  means  of  a 
reflection  grating  and  a  beam  expander  in  the  cavity.  In  the  SHG 
experiment  the  beam  of  the  fundamental  signal  at  the  input  of  the  crystal 
has  a  spot  size  of  1.5  mm  and  its  divergence  is  kept  well  below  the 
acceptance  angle  of  the  crystal  for  SHG. 


FIGURE  2  (a)  Sketch  of  the  orientation  of  the  two 

samples  used  in  the  SHG  experiment:  6  =  17.5°  for  the 
first  sample,  3°  for  the  second,  (b)  Orientation  of  the  two 
prisms  employed  in  the  refractive  indices  measurements: 
ai  =  16.700  ±  0.008  deg,  ai  =  13.467  ±  0.008  deg. 

By  using  the  two  prisms  of  S3MeMBANP  we  measured  the 
refractive  indices  by  the  minimum  deviation  method  [5],  which  yields  an 
accuracy  of  typically  ±  0.005.  By  using  a  polarization  parallel  to  the 
prism  axis,  it  was  possible  to  evaluate  nz  in  the  first  prism  and  Ux  in  the 
second.  With  a  polarization  in  the  incidence  plane  the  values  of  Uy  can  be 
determined  in  both  prisms  by  solving  pairs  of  equations  in  e  ny  (in  the 
first  prism)  and  Hz  and  ny  (in  the  second).  The  values  of  the  refractive 
indices  in  the  y  direction  obtained  from  the  two  types  of  prism  agreed 
with  each  other  within  the  experimental  uncertainty.  The  data  are  shown 
in  Figure  3.  The  values  of  Ux,  ny  and  were  fitted  to  the  four-parameter, 
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one-pole  Sellmeier  equation: 


X}  -C 

The  values  of  the  coefficients  we  obtained  by  a  least-square  fitting  arc 
reported  in  Table  1 . 


A 

B 

C  (pm^) 

D  (nm-^) 

nx 

2.48696 

0.15890 

0.16193 

0.01138 

ny 

2.33345 

0.60733 

0.15030 

0.01342 

nz 

2.54969 

0.20019 

0.15513 

0.02693 

TABLE  1  Coefficients  of  the  Sellmeier  Equations. 


'k  (pm)  X  (pm) 


FIGURE  3  Data,  error  bars  and  four-parameter  Sellmeier 
fit  (full  lines)  for  nx,  nz  (a)  and  ny  (b). 

We  measured  the  type-I  SHG  phase-matching  (PM)  angle  in  the 
xy  principal  plane  of  the  crystals  as  a  function  of  the  wavelength  k]  of  the 
fundamental  beam.  The  cut  and  the  surface  quality  of  the  two  samples 
didn’t  allow  to  obtain  SHG  in  other  planes.  In  the  xy  plane  the  interaction 
is  of  the  “eeo”  (extraordinary-extraordinary-ordinary)  type,  so  that  the 
PM  relation  is:  n^^  {0)  =  n2,  where  0  is  the  angle  between  the  wave 
vector  of  the  incident  beam  and  the  x  axis,  n/  and  /12  are  the  indices  of 
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refraction  at  the  fundamental  and  second  harmonic  wavelength.  The 
crystal  is  mounted  on  a  goniometer,  with  the  z  axis  along  the  vertical 
direction.  The  fundamental  beam  is  horizontally  polarized,  whereas  the 
second  harmonic  field  generated  is  polarized  along  the  z  axis.  The  phase 
matching  angle  measured  as  function  of  X\  for  the  two  samples  of 
S3MeMBANP  is  plotted  in  Figure  4. 


(nm) 


FIGURE  4  Phase  matching  internal  angle  versus  the 
incident  wavelength  X\  for  SHG  in  the  xy  plane.  The 
triangles  and  the  squares  are  the  experimental  data  taken 
from  the  first  and  the  second  sample  respectively.  The 
solid  curve  is  calculated  from  our  Sellmeier  formula.  The 
dashed  curve  is  predicted  by  the  Sellmeier  set  of  Ref  [4]. 

Note  that  all  the  angles  quoted  here  are  internal  to  the  crystal.  To  convert 
the  external  angles  to  internal,  we  have  used  our  Sellmeier  expressions. 
The  wide  aperture  of  the  crystals  allowed  us  to  take  data  up  to  large 
angles,  measuring  the  SHG  PM  angles  for  almost  the  entire  transmission 
range  of  the  crystal.  In  both  samples,  the  phase-matching  situation  is 
found  to  occur,  at  a  given  wavelength,  at  two  angles  that  are  not 
symmetric  with  respect  to  the  face  normal,  as  shown  in  Fig  2.  From  this 
asymmetry  we  deduced  the  tilt  angle  6  between  the  face  normal  and  the  x 
axis:  from  our  data  we  derive  5=17.5°  and  6=3°,  respectively  for  the  first 
and  the  second  sample.  The  agreement  between  the  data  taken  from  the 
two  samples  is  very  good,  as  can  be  seen  in  Figure  4.  The  larger  tilt  angle 
of  the  first  sample  allowed  SHG  PM  for  wavelengths  up  to  1650  nm, 
since  for  this  sample  the  same  internal  PM  angle  0,  relative  to  the  x  axis, 
corresponded  to  smaller  angles  relative  to  the  surface  normal.  In  the  same 
figure  we  reported  in  solid  line  the  PM  curve  predicted  by  using  the 
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Sellmeier  set  given  above.  This  shows  a  good  fitting  of  the  data  and 
confirms  our  refractive-index  measurements.  For  sake  of  comparison,  the 
curve  calculated  from  the  Sellmeier  set  found  in  [4]  is  also  shown  in 
Figure  4.  The  improvement  of  the  fitting  given  by  our  new  Sellmeier  set 
is  quite  evident. 

By  using  our  Sellmaier  set,  we  are  now  able  to  calculate  a 
complete  phase-matching  criticality  curve:  such  a  curve  shows  the 
dependence  of  the  PM  wavelength  on  angle  for  all  the  principal  planes  of 
the  crystal.  In  Figure  5  we  report  the  criticality  curve  predicted  by  our 
Sellmeier  set.  Note  that,  due  to  the  symmetry  of  point  group  222,  in 
S3MeMBANP  the  only  nonzero  coefficients  of  the  d-matrix  are  those 
where  all  three  coordinate  indices  are  different,  di4,  d25,  d36.  As  a 
consequence,  the  effective  d  coefficient  for  SHG  (dcir)  vanishes  under 
angle-noncritical  phase-matching  conditions,  defr  vanishes  also  in  the 
principal  plane  xz,  since  in  this  plane  type-I  PM  is  of  the  “ooe”  (ordinar>^- 
ordinary’-extraordinary)  type. 


FIGURE  5  Phase  matching  criticality  curves,  as  predicted 
by  our  Sellmeier  set.  The  PM  is  “eeo”  on  the  xy  and  yz 
plane,  “ooe”  on  the  xz  plane. 

As  a  conclusion,  we  measured  the  refractive  indices  of  the  organic 
crystal  S3MeMBANP  for  a  wide  range  of  wavelengths,  covering  the 
near-infrared  region.  From  the  measured  data  we  derive  a  set  of  Sellmeier 
coefficients,  whose  validity  extends  up  to  1600  nm.  The  accuracy  of  the 
set  has  been  confirmed  by  a  SHG  experiment  on  the  xy  principal  plane  of 
the  crystal.  By  using  our  Sellmeier  set,  we  are  able  to  draw  a  complete 
phase-matching  criticality  curve,  showing  the  phase-matching  properties 
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of  S3MeMBANP  for  propagation  on  all  the  principal  planes  of  the 
crystal. 
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Platinum  ethynyls  for  optical  limiting  applications  were  synthesised  and 
optically  characterised.  Both  mononuclear  and  binuclear  compounds 
were  investigated.  Optical  limiting  measurements  have  been  performed 
in  an  f#5  system.  A  previously  reported  modeling  tool  relying  on  a 
Gaussian  decomposition  of  the  laser  beam  was  used  to  model  the 
experiments.  This  numerical  tool,  which  allows  for  non-Gaussian  laser 
beams  and  thick  samples  exhibiting  both  nonlinear  refraction  and 
absorption,  was  found  to  fit  well  with  some  of  the  optical  limiting 
experiments. 


Keywords  Optical  limiting.  Platinum  ethynyl 


INTRODUCTION 

Three  different  platinum  ethynyls  were  investigated  for  optical  limiting 
purposes.  Mononuclear  platinum  ethynyls  have  previously  been  shown 
to  posses  some  interesting  features,  which  include;  acting  over  a  large 
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range  of  pulse  lengths,  and  showing  evidence  of  being  broadband  optical 
limiters  [1].  Both  mononuclear  and  binuclear  compounds  with  different 
ligands  were  synthesised  in  order  to  investigate  the  nonlinear  effect, 
stability  and  solubility.  The  bis(diphenylphosphino)mcthane  (dppm) 
complexes  were  prepared  from  fPtCbCdppm)]  and  lithium  ethynyls  with 
THF  /  toluene  as  solvent  [2]. 

Organophosphine  ligands  are  rather  labile  and  can  easily  be  lost  in 
contact  with  solvent.  This  can  lead  to  decomposition  of  the  compound, 
and,  seems  to  occur  for  the  platinum(II)  ethyny!  (  I  )  in  figure  1 .  In  order 
to  improve  the  stability,  bis(diphenylphosphino)methane  (dppm)  was 
introduced  ( II  and  III ). 
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FIGURE  1.  Mononuclear  and  binuclear  platinum(II)  ethynyls. 
The  two  different  ligands  (  R  )  shown  in  figure  2  were  used. 


a)  b) 


FIGURE  2.  Ligands  used  in  the  platinum(II)  ethynyls.  a)  was  u.sed  in 
compound  ( I )  and  ( 11  )  while  b)  was  used  in  ( III ) 
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EXPERIMENTS 

The  capability  for  protecting  an  optical  sensor  was  investigated  in  test¬ 
beds  with  a  top-hat  laser  beam  in  an  f#5  geometry.  The  focus  was 
centred  to  the  middle  of  a  2  mm  cell  containing  the  nonlinear  material. 
The  sample  was  several  Rayleigh  lengths,  and  thus  the  irradiance  much 
lower  at  the  surface  than  at  the  focus.  A  frequency-doubled  YAG 
operating  at  a  wavelength  of  532  nm  giving  a  pulselength  of  5  ns  was 
used.  The  laser  energy  was  varied  from  below  pJ  to  some  150-200  pJ. 
Transmission  spectra  of  the  2  mm  cells  with  the  nonlinear  materials  were 
collected. 


RESULTS 

Transmission  spectra  of  the  samples  including  the  2  mm  cell  are  shown 
in  figure  3.  The  linear  transmission  for  the  THE  solutions  of  platinum(n) 
ethynyls  were  between  70  and  90  %  at  532  nm.  The  results  of  the 
optical  limiting  experiments  are  shown  in  figure  4  and  5. 
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FIGURE  3.  Transmission  spectra  of  a  100  mM  solution  platinum(II) 
ethynyl  (I)  in  THF  (black),  and  of  a  100  mM  solution  platinum(II) 
ethynyl  (11)  in  THF  (grey). 
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FIGURE  4.  Optical  limiting  with  THF  solutions  of  platinum(n) 
ethynyl  (I).  The  photopic  transmission  including  the  cells  were  90%, 
corresponding  to  0.05  M  (o),  and  87  %,  corresponding  to  0.1  M  (  +  ). 
A  measurement  on  a  sample  with  70  %  linear  transmissions  at  532 
nm  was  also  performed  (x). 
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FIGURE  5.  Optical  limiting  with  a  0.1  M  solution  of  piatinum(II) 
ethynyl  (II)  in  THF  giving  73.5  %  transmission  at  532  nm  (+),  and  5 
mM  platinum(ll)  ethynyl  (III)  in  THF  giving  87  %  transmission  (o). 
The  linear  transmission  for  the  sample  with  Silicon-Naphthalocyanine 
(SiNC)  (X)  was  40  %  at  532  nm.  The  modeling  tool  gave  values  in 
good  agreement  with  experimental  values  for  compound  (III) 

A  previously  reported  numerical  modeling  tool  [3],  for  Z-scans  with 
thick  samples  and  nonlinear  absorptive  and  refractive  optical  properties, 
was  used  to  model  the  optical  limiting  measurements.  Assuming  a  pure 
TPA  (two-photon  absorption)  process  with  a  two-photon  crossection  a  = 
208  cm‘^/GW,  it  is  possible  to  get  good  agreement  between  the  model 
and  measurements  on  compound  ( III ).  However,  the  model  does  not  fit 
well  with  data  from  compounds  ( I )  and  ( II ).  This  is  probably  due  to  a 
combination  of  different  nonlinear  processes  occurring  in  the  samples, 
such  as  two-  photon  absorption  and  reverse  saturable  absorption. 

The  capability  of  optical  limiting  was  shown  for  several  compounds. 
The  platinum'  ethynyls  gave  promising  results  although  they  did  not 
reach  the  same  clamping  level  as  SiNC.  Compound  (I)  was  found  to 
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limit  the  energy  more  efficiently  than  a  pure  two-photon  absorber.  A 
great  advantage  of  these  compounds  are  that  they  are  very  transparent  in 
the  visible. 
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Photogeneration  of  charge  carriers  was  measured  at  633  nm  in  a  series 
of  polymer  composites  based  on  polystyrene,  doped  with  a 
triphenyldiamine  derivative  as  hole  transport  molecule  and  Ceo  as 
sensitizer.  Light  absorption  and  generation  of  mobile  carriers  was 
achieved  through  the  charge-transfer  (CT)  complex  formed  between 
the  hole  transport  molecule  and  the  sensitizer.  We  discuss  the 
influence  of  the  ionization  potential  of  the  hole-transport  molecule  on 
the  photogeneration  efficiency  of  the  CT  complex  it  forms  with  the 
sensitizer  Ceo-  In  one  composite  we  have  found  a  photogeneration 
efficiency  of  unity  at  an  applied  electric  field  of  55  V/p.m. 


Keywords  Photogeneration  efficiency;  Ceo;  photoconductivity; 
organic  photoconductors 
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INTRODUCTION 


Photoconductive  materials  find  applications  in  a  variety  of 
technologies,  such  as  photodetectors  and  xerography.^ The 
photogeneration  efficiency  77,  that  is  the  number  of  free  carriers 
produced  divided  by  the  number  of  absorbed  photons,  is  a  basic 
parameter  in  the  evaluation  of  photoconductor  performance.  We  have 
prepared  and  tested  new  organic  photoconductors  based  on  the  hole¬ 
transporting  biarylamine  derivatives  shown  in  Figure  1.  As  a 
sensitizer,  a  small  amount  of  was  added.  The  host  polymer  was 
polystyrene.  The  new  polymers  had  photogeneration  quantum 
efficiencies  of  100  %  at  applied  electric  fields  as  low  as  55  V/pm.  We 
have  also  found  a  correlation  between  the  ionization  potential  /  of  the 
donor  molecule  and  the  photogeneration  quantum  efficiency  of  the 
polymer. 
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FIGURE  1  Structure  and  numbering  schemes  of  the  arylamines. 
EXPERIMENTAL 


The  compositions  of  the  polymers,  the  ionization  potential  1^  of  the 
arylamine  and  the  extinction  coefficient  at  633  nm  are  shown  in  Table 
1.  The  arylamine  was  calculated  from  the  redox  potential  as  (eV) 
=  £"  +  4.50.  £"  was  measured  by  cyclic  voltammetry  in  CH,Cl2 
solution.  As  can  be  seen  in  Table  1,  the  arylamine  was  varied  over 
0.25  eV  by  substitution  with  the  electron  withdrawing  fluorine  atoms 
and  electron  donating  methoxy  groups.  The  setup  shown  in  Figure  2 
was  used  for  the  measurement  of  the  photoconductivity.  From  the 
voltage  change  measured  over  a  resistor  R  upon  illumination  (633 
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nm,  intensity  /  =  0.60  W/cm^)  of  a  biased  sample  (field  E)  in  series 
with  the  resistor,  the  photogeneration  efficiency  was  calculated  as:'^' 


r\(E)  = 


^ ph  2fl(0 

eR  laSd 


(1) 


where  S  is  the  illuminated  area,  d  the  sample  thickness  (  e  100  p.m),  e 
the  elementary  charge,  a  the  extinction  coefficient,  and  ^O)  the  photon 
energy. 

Table  1:  Sample  identification  scheme  and  composition,  extinction 
coefficient  at  633  nm,  and  ionization  potential  of  the  arylamine 
derivative  or  carbazole  electron  donor,  respectively.  For  the 
numbering  of  the  molecules  1-5  see  Fig.  1.  PS:  Polystyrene.  * 

Average  value  of  Ip  as  measured  from  cyclic  voltammetry  in 
solution  and  solid  stale  ultraviolet  photo-emission  spectroscopy. 


Sample 

Composition 
(wt.  %) 

Ct633 

(cm'‘) 

donor  Ip 
(eV) 

A 

PS:1:C6o(69:30:1) 

30 

5^ 

B1 

PS:2:C6o  (87:12:1) 

13 

5.45* 

B2 

PS:2:C6o  (77:22:1) 

17 

5.45* 

B3 

PS:2:C6o(69:30:1) 

25 

5.45* 

B4 

PS:2:C6o  (59:40:1) 

36 

5.45* 

C 

PS:3:C6o  (69:30:1) 

20 

5.27 

D 

PS:4:C6o  (69:30:1) 

20 

5.26 

E 

PS:5:C6o  (69:30:1) 

32 

5.35 

F 

PVK:ECZ:C6o  (59:40:1) 

37 

5.9 

Figure  2:  Setup  for  photoconductivity  experiments,  OSC  =  oscilloscope, 
HV  =  High  Voltage  Power  Supply 
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RESULTS  AND  DISCUSSION 

A  first  observation  is  that  all  the  arylamines  in  Figure  1  form  charge- 
transfer  (CT)  complexes  with  the  sensitizer  C6o-  The  absorption 
spectra  of  samples  A,  B4,  C,  and  a  reference  polystyrene/Ceo  1  wt.  % 
(REF)  polymer  are  shown  in  Figure  3.  The  increased  absorptivity  in 
the  range  from  500-900  nm  is  assigned  to  the  complexation  between 
Ceo  and  the  arylamine.  As  has  been  found  in  many  studies  on  CT 
complexes, a  linear  relationship  between  the  arylamine  donor  Ip  and 
the  photon  energy  of  the  CT  transition  exists.  The  complexation  bands 
of  the  complexes  of  C6o  with  arylamines  1,  2,  3,  4,  and  5  peak  at  610 
nm,  630  nm,  790  nm,  790  nm  and  730  nm,  respectively. 


Figure  3:  Absorption  spectra  of  polymers  A,  B4,  C  and  a  reference 
polystyrene/Cfio  I  wt.  %  polymer. 

The  evolution  of  the  photogeneration  efficiency  77  as  a  function 
of  applied  field  for  polymers  E,  B3,  A,  and  F  are  summarized  in 
Figure  4.  For  the  polymers  with  donors  having  a  high  Ip,  77  keeps 
increasing  with  electric  field  up  to  90  V/pm.  For  sample  E  it  reaches  a 
maximum  value  of  unity  at  a  field  of  55  V/pm.  For  sample  D 
77  reached  61  %  at  an  applied  field  of  70  V/pm.  Figure  5  shows  77  of 
samples  A,  B3,  C,  D,  E,  F  at  a  field  of  55  V/pm  as  a  function  of  the 
biarylamine  7^.  These  are  among  the  highest  efficiencies  reported  for 
organic  polymers  at  633  nm.  We  have  also  found  an  exponential 
increase  of  the  photogeneration  efficiency  with  arylamine  number 
density  in  series  Bl-4. 
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Figure  4;  Photogeneration  efficiency  as  a  function  of  electric  field 


Ionization  potential  (eV) 

Figure  5:  Photogeneration  efficiency  as  a  function  of  arylamine  ionization 
potential. 

These  results  can  be  rationalized  in  the  framework  of  the  geminate 
recombination  model  for  photogeneration  in  organic  polymers  that  is 
summarized  in  Figure  6.  A  larger  photogeneration  efficiency  after 
optical  excitation  (step  1)  can  follow  from  a  faster  electron  transfer 
from  the  donor  molecule  to  the  excited  CT  complex  (step  2)  or  from  a 
faster  dissociation  (step  3), 

A  lower  donor  Ip  corresponds  to  a  stronger  electron  donor,  and 
hence  to  a  larger  enthalpy  of  complexation  AH^.  Following  Marcus 
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theory  for  the  rate  of  electron  transfer, a  larger  AH^  will  increase  the 
rate  of  step  2.  Thus  a  reduction  of  the  donor  should  lead  to  a  higher 
photogeneration  efficiency.  Evidence  that  the  mobility  (step  3)  is 
important  is  found  in  the  electric-field  dependence  of  the 
photogeneration  efficiency.  This  parameter  follows  the  typical  Poole- 
Frenkel  field  dependence  of  the  mobility  //  =  /i^  exp(aJ~E) .  The  fact 

that  samples  B,  C,  D,  and  E  all  reach  a  photogeneration  efficiency 
close  to  100  %  at  high  field,  suggests  that  the  limitation  of  the 
photogeneration  efficiency  at  low  fields  is  due  to  the  mobility.'^' 


C60  CT  donor 


Figure  6;  Steps  leading  to  photogeneration  of  charges. 
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The  effect  of  cation  complexation  on  the  nonlinear  optical  properties  of 
functionalized  ionophores  has  been  studied  by  means  of  hyper-Rayleigh 
scattering.  Cation  complexation  is  shown  an  excellent  route  to  tune  the 
molecular  hyperpolarizability. 


Keywords  Charge  transfer,  ionophores,  donor-acceptor  systems, 
nonlinear  optics 


INTRODUCTION 

For  years,  the  photophysics  and  photochemistry  of  fluorophores  and 
chromophores  linked  to  cyclic  structures  as  crown  ethers  or  calixarenes 
have  been  an  area  of  growing  interest.  Particularly  those  compounds 
where  insertion  of  a  cation  into  the  ligand  cavity  substantially  alters  the 
optical  properties  have  been  the  subject  of  profound  investigations.t^’ 
2]  Herein,  one  can  distinguish  two  main  groups  (Figure  1):  compounds 
of  type  (I)  that  interact  with  the  ion  through  the  acceptor  site  of  the 
chromophore  and  structures  of  type  (II)  that  interact  through  the  donor 
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site.  For  the  first  group,  complexation  will  enhance  the  internal  charge 
transfer  (ICT)  and  thus  induces  a  bathochromic  shift.  Type  (II) 
interactions  on  the  other  hand  reduce  the  ICT,  which  results  in  a 
hypsohromic  shift  of  the  charge  transfer  band. 


Type  (I) 


Type  (II) 


FIGURE  1  Types  of  complexation  between  chromoionophores  and 
cations. 


In  like  manner,  elaborate  studies  have  been  performed  on  the 
relationship  between  the  molecular  structure  and  the  nonlinear  optical 
(NLO)  response  for  organic  and  organometallic  compounds. [3] 
Moreover,  the  molecular  hyperpolarizability  has  been  shown  to  depend 
on  the  CT  transition  between  donor  and  acceptor  for  dipolar 
structures.  [4]  As  such,  cation  complexation  with  donor  or  acceptor  is 
expected  to  alter  the  molecular  hyperpolarizability. 

In  this  regard,  we  have  studied  the  second-order  nonlinear  optical 
properties  of  NLO-functionalized  mesostructures  (Figure  2)  and 
determined  the  changes  in  the  first  hyperpolarizability  upon  binding  of 
alkaline  and  alkaline-earth  ions.  The  results  reveal  that  cation 
complexation  is  an  excellent  tool  to  modify  the  NLO  response  “after 
synthesis”,  and  a  potential  alternative  to  photochemical  and 
electrochemical  tuning. 


RESULTS  AND  DISCUSSION 

The  experimental  results  are  collected  in  Table  1 .  Both  structures  show 
an  intense  absorption  in  the  visible,  which  is  attributed  to  a  donor  (D) 
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to  acceptor  (A)  ICT.  However,  interaction  with  the  potassium  cation 
has  distinct  consequences.  Compound  (a)  displays  a  clear  red  shift 
(40  nm)  of  its  ICT  accompanied  with  an  increase  in  oscillator  strength, 
whereas  for  compound  (b)  an  antiauxochromic  (hypsochromic  and 
hypochromic)  shift  is  found.  These  observations  are  in  accordance  with 
a  type  I  (a)  and  a  type  II  (b)  interaction  respectively. 


a  b 

FIGURE  2:  NLO  functionalized  ionophores  of  type  (1)  (a)  and  type  (II)  (b). 

In  contrast  to  the  calixarene  (a),  the  crown  ether  (b)  displays  a  well- 
defined  isosbestic  point  upon  a  gradual  addition  of  cation,  suggesting  a 
1:1  stoichiometry  for  the  crown-ion  complex  formed.  This  will  allow  a 
straightforward  assessment  of  the  stability  constant. 

The  molecular  hyperpolarizability  of  ionophores  and  complexes  are 
determined  by  hyper-Rayleigh  scattering  (HRS).[^]  As  expected  for  a 
type  I  interaction,  the  hyperpolarizability  of  the  calixarene  (a)  shows  an 
increase  of  70%  in  the  presence  of  an  excess  amount  of  K'^.  This 
enhancement  of  the  nonlinear  response  is  also  apparent  in  the  evolution 
of  the  HRS-signal  as  a  function  of  the  cation  concentration  (Figure  3). 


[KSCN]  /  M 

FIGURE  3:  HRS  signal  of  (a)  vs.  the  cation  concentration.  The  solid  line 
represents  the  best  fit  with  equation  1. 
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TABLE  I .  Experimental  results  for  the  crown  ether. 


(nm) 

log  K/ 

•og  Khrs 

Pc../ 

(10"'  esu) 

Pn,/ 

(10"’  esu) 

Calixarcnc  (a) 

170 

+ 

40 

/ 

/ 

309 

Crown  (b) 

38 

+  Na" 

-12 

I.20±0.02 

1.6±0.1 

32 

28 

+  K" 

-14 

2.23±0.02 

2.52:0.1 

27 

28 

+  Ba^" 

-13 

6±3' 

3±2' 

24 

26 

■“  of  (a)  is  602  nm,  and  of  (b)  406  nm.  ^  Stability  constant  K  obtained  by 
absorption  (A)  measurements.  ‘'Hypcrpolarizability  obtained  using  an  excess  of  cation. 
Hypcrpolarizability  obtained  by  titration.  ‘"‘'Relative  error  on  P:  5%,  except  for  Ba^*: 
\0%.  ‘A  slight  increase  of  the  signal  at  high  concentrations  prohibits  a  more  accurate 
determination  of  K.  This  increment  most  likely  originates  from  a  weak  type  (7) 
interaction. 

However,  the  absence  of  a  1:1  stoichiometry  prohibited  a  reliable 
determination  of  the  stability  constant  K. 

In  contrast,  the  1:1  stoichiometry  of  the  crown-ion  complex  formed 
(Figure  4)  allows  for  a  straightforward  determination  of  the  stability 
constant  K;  and  this  in  combination  with  the  hyperpolarizability 
(equation  1,).  The  stability  constants  obtained  by  HRS  and  absorption 
spectrometry  respectively  are  in  excellent  agreement.  Furthermore 
both,  addition  of  an  excess  amount  of  cation  and  the  titration  experiment 
(HRS  response  in  function  of  the  added  amount  of  cation),  reveal  a 
reduction  of  25%  (Figure  5).  As  the  electron  donor  strength  of  the 
amine  and/or  ether  function  is  diminished  by  direct  interaction  of  the 
cation  with  the  corresponding  lone  pairs,  the  lower  nonlinear  response 


pure  crown 
8  10*^  M  KSCN 
25  10“  M 


300  350  400  450  500  550 

Wavelength  /  nm 


FIGURE  4:  Absorption  spectra  of  (b)  before  and  after  addition  of  KSCN. 
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FIGURE  5:  HRS  signal  of  (b)  vs.  the  cation  concentration.  The  solid  line 
represents  the  best  fit  with  equation  1 . 

was  expected  for  this  type  II  system. 

Similar  results  were  obtained  for  the  sodium  (Na'*^)  and  barium  (Ba^^) 
complexes  of  (b).  Moreover,  the  interaction  with  Ba^^  leads  to  the 
largest  reduction  of  the  hyperpolarizability.  As  the  bivalent  ion  is  more 
efficient  in  attenuating  the  electron  donor  character  of  the  crown 
nitrogen,  this  result  is  not  unexpected.  However,  notwithstanding  that 
both  diameter  and  charge  of  alkaline(earth)  ions  are  known  to  act  upon 
complexation  with  ionophores,  the  hyperpolarizability  here  seems  to  be 
influenced  by  their  charge  only.  In  contrast,  the  stability  constant 
clearly  depends  on  both  charge  and  diameter  of  the  cation,  indicating 
that  the  match  between  ligand  topology  and  cation  characteristics 
determines  the  ion  affinity. 

In  conclusion,  we  have  demonstrated  that  the  NLO  response  of 
functionalized  ionophores  can  be  tuned  by  cation  complexation,  an 
event  that  also  can  be  used  to  study  the  interaction  between  metal  ions 
and  ligands.  In  this  regard,  HRS  is  shown  to  be  an  additional  technique 
to  determine  the  stability  constants. 


EXPERIMENTAL 

The  quadratic  hyperpolarizabilities  are  determined  by  HRS  using  p- 
nitroaniline  as  an  external  reference.!^]  Details  on  the  experimental 
procedure  have  been  discussed  previously.t^] 

For  complexes  with  a  1:1  symmetry,  both  the  concentration  of  free 
ionophore  and  complex  can  be  written  as  a  function  of  the  initial 
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concentration  of  cation.  Analogous  to  the  relations  used  in  spectrometric 
studies  of  ionophoresj  the  HRS  equation  then  becomes: 

With 

a  =  [C]o+[M]o  +  l/K  (2) 
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ABSTRACT  Ellipsometric  Polarization  Contour  Measurement 
(EPCM),  which  consists  of  conventional  ellipsometric  measurement 
system  with  rotational  mode  of  an  analyzer,  was  applied  to  study  about 
the  anisotropic  properties  of  organic  materials.  EPCM  technique  was 
first  tested  by  optical  components  such  as  wave  plates  and  then  applied 
to  the  organic  photoreffactive  materials,  PDCST20  and  PDCST30,  to 
study  about  the  poling  process  with  applied  electric  field.  Comparing  to 
the  conventional  ellipsometric  measurement,  EPCM  makes  the 
anisotropic  properties  of  the  materials  more  directly  characterized  and 
gives  additional  information  about  the  optic  axis  of  the  materials. 


KEYWORDS  photorefractive;  anisotropy;  polarization;  electro-optic. 
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INTRODUCTION 

Orientation  in  polymers  is  of  great  technical  and  theoretical  importance 
and  therefore,  the  measurement  of  orientation  in  polymers  provides 
valuable  information  to  understand  the  structures  and  properties  of 
polymers.  The  information  about  molecular  orientation  in  polymeric 
samples  is  to  be  reflected  on  the  polarization  state  of  light  that  travels 
through  the  samples.  Ellipsometric  technique  is  widely  used  for  the 
measurement  of  polarization  state  and  the  anisotropic  properties  of 
materials  are  analyzed  in  terms  of  optical  birefringence.  Ellipsometric 
Polarization  Contour  Measurement  (EPCM),  which  consists  of 
conventional  ellipsometric  measurement  system  with  rotational  mode  of 
an  analyzer,  can  directly  measure  the  polarization  characteristics  of  light 
passing  through  samples.  EPCM  gives  not  only  the  information  about 
the  polarization  state  of  light  but  other  useful  information  such  as  the 
optic  axis  of  the  samples  [1]. 


THEORY  AND  EXPERIMENTAL 

By  adopting  rotational  mode  of  an  analyzer  in  conventional 
ellipsometric  measurement  system,  the  anisotropic  properties  of 
materials  can  be  directly  characterized.  As  the  light  propagates  through 
materials,  the  polarization  ellipse  of  the  light  changes  and  the  change  of 
the  polarization  state  can  be  described  by  the  Jones  matrix  as  Eq.(l )  [2]: 

^out~^A^S^in  (1) 

where  and  are  the  Jones  vector  for  the  input  beam,  the  Jones 

matrices  for  a  sample,  and  for  a  rotating  analyzer,  respectively.  If  input 
beam  is  right  circularly  polarized  (RCP),  then  output  beam  intensity  can 
be  described  by  Eq.(2). 
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/ j^cP  (^) 

where  Z^,  and  a  are  the  input  beam  intensity,  the  rotation  angle  of  an 
analyzer,  and  the  tilt  angle  of  the  sample  around  the  ray,  respectively.  A(f> 
is  the  phase  difference  between  two  polarization  components  after  the 
transmitted  intensity  passes  through  the  sample.  Therefore,  if  light 
passing  through  a  sample  is  scanned  by  a  rotating  analyzer,  then  the 
polarization  state  of  light  can  be  determined  and  the  information  about 
the  optical  state  of  a  sample  can  be  obtained  from  Eq.(2). 

The  intensities  of  light  passing  through  a  sample  at  various 
rotating  angles  of  an  analyzer  are  detected  and  the  data  collected  as  a 
function  of  analyzer  angles  were  fitted  by  Eq.(2)  according  to  the  input 
beam  polarization  state.  EPCM  with  LHP  input  beam  was  first  tested 
by  optical  components  such  as  tilted  wave  plates  and  then  applied  to  the 
organic  photoreff active  materials,  PDCST20  and  PDCST30,  with  RCP 
input  beam.  PDCST20  consists  of  20  wt%  of  4-piperidino- 
benzylidene-malononitrile  (PDCST),  79  w?%  of  polysiloxane  with 
pendant  carbazole,  and  1  w/%  of  TNF.  PDCST30  consists  of  30  w/% 
of  PDCST,  69  w/%  of  carbazole-substituted  polysiloxane,  and  lw/%  of 
TNF. 

RESULTS  AND  DISCUSSION 

The  validity  of  Eq.(2)  was  confirmed  by  the  experiment  with  a  tilted 
half-wave  plate.  The  polarization  contour  diagram  calculated  from 
simulation  with  Eq.(2)  is  given  in  Fig.l.  The  lines  with  symbols  in 
Fig.l  are  for  the  cases  of  no  tilt  with  various  phase  differences  and  the 
solid  line  is  for  the  case  of  45“  tilt  with  45“  phase  difference.  The  tilt 
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effect  is  obvious  in  the  EPCM  diagram.  The  experimental  data  for 
PDCST30  obtained  from  EPCM  are  shown  in  Fig.2 


90 


FIGURE  1  EPCM  diagram  for  the  simulation  results  from  Eq.(2). 
Filled-squares  are  for  0",  open-squares  for  15”,  filled-circles  for  45°, 
and  open-circles  for  90°  and  the  solid  line  is  for  the  case  of  45"  tilt 
with  45°  phase  difference. 

The  fitting  results  for  PDCST30  with  Eq.(2)  are  shown  in  Fig.3  by  lines; 
solid  line  for  0  V/pm,  dash  for  lOV/pm,  dash-dot  for  20V/pm,  dash-dot- 
dot  for  30V/pm,  and  short-dash  for  40V/pm.  No  tilting  of  the  optic 
axis  is  observed  in  both  PDCST20  and  PDCST30,  as  applied  voltage 
increases.  Phase  differences  of  light  passing  through  the  organic 
samples,  PDCST20  and  PDCST30,  due  to  the  electric  field  are  given  in 
Fig.4  as  a  function  of  applied  electric  field. 
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FIGURE  2  EPCM  experimental  data  for  PDCST30.  Filled-squares 
are  for  OV/pm,  open-squares  for  lOV/pm,  filled-circles  for  20V/pm, 
open-circles  for  30V/pm,  and  filled-triangles  for  40V/pm. 

90 


FIGURE  3  Experimental  data  for  PDCST30  obtained  from  EPCM  and 
fitting  results.  Filled-squares  are  for  OV/pm,  open-squares  for  lOV/pm, 
filled-circles  for  20V/pm,  open-circles  for  30V/pm,  and  filled-triangles 
for  40V/pm.  Solid  line  is  for  0  V/pm,  dash  for  1  OV/pm,  dash-dot  for 
20V/pm,  dash-dot-dot  for  30V/pm,  and  short-dash  for  40V/pm. 
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FIGURE  4  Phase  differences  for  PDCST20  (filled  squares)  and 
for  PDCST30  (open  squares)  obtained  from  EPCM. 
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Rod-shaped  organic  nonlinear  optical  molecules  are  generally  described 
as  one-dimensional  molecules  with  a  single  P  component.  However, 
analogous  molecules  having  a  carbazole  group  as  the  electron  donor, 
exhibit  special  two-dimensional  second  harmonic  behavior  due  to  the 
presence  of  two  p  components,  a  positive  pzzz  and  a  negative  Pzxx. 
Those  components  arise  from  different  transitions  within  the  molecule. 
The  effective  p  of  these  molecules,  measured  using  either  EFISH  or  the 
thin  film  technique  in  the  off-resonance  regime,  is  very  small  since  the 
two  components  cancel  each  other.  However,  the  same  measurement  in 
the  two-photon  resonance  regime  yields  a  very  strong  amplitude 
enhancement  of  p  which  is  fitted  well  by  a  simplified  three-level  model. 


Keywords  organic  NLO  molecule;  two-photon  resonance 


INTRODUCTION 

Nonlinear  optical  (NLO)  properties  of  rod  shaped  “one-dimensional” 
7t-conjugated  organic  charge-transfer  molecules  have  attracted 
considerable  interest  since  their  study  gives  insight  into  the  inter-  and 
intra-  molecular  origins  of  nonlinear  phenomena,  and  assists  in  the 
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development  of  new  materials  and  devices.  The  second-order 
nonlinearity  of  these  molecules  is  dominated  by  a  single  tensor 
component  which  can  be  described  satisfactorily  by  the  2-level 
modelf’l 

We  have  shown  in  previous  work  that  different  nonlinear 
behavior  can  be  induced  when  the  donor  in  a  one-dimensional  charge 
transfer  molecule  is  changed  from  an  amine  to  a  carbazole  group^^^l 
We  have  studied  a  large  number  of  typical  one-dimensional  push-pull 
molecules,  having  indandione  as  the  acceptor  group  and  amines  as  the 
donor  group  and  compared  them  with  similar  molecules  having 
carbazole  in  the  donor  site.  From  quantum  chemical  (QC)  calculations, 
electric  field  induced  second  harmonic  (EFISH)  and  Hyper-Rayleigh 
scattering  (HRS),  we  showed  that  two  P  components  are  developed  in 
the  carbazole  containing  molecules,  which  are  therefore 
“two-dimensional”  NLO  molecules.  One  component,  which  is  along  the 
long  axis  of  the  molecule  produces  a  positive  pzz^.,  while  the  carbazole 
group  induces  an  additional  off-diagonal  negative  p^xx  contribution. 
Those  two  P  components  develop  as  a  result  of  two  closely  lying, 
overlapping  excited  states,  which  contribute  to  p  with  opposite  signs.  In 
the  off-resonance  regime,  at  low  frequency,  the  EFISH  signal  is 
negligible,  since  the  two  p  contributions  with  opposite  signs  add*^\  and 
largely  cancel  each  other. 

In  this  study  we  report  the  p  behavior  of  a  two-dimensional 
molecule  in  the  two-photon  resonance  regime,  where  2co  coincides  with 
the  molecular  absorption.  In  a  previous  study,  we  have  described  the 
measurement  and  analysis  of  the  hyperpolarizability  in  the  two-photon 
resonance  regime^^^  for  a  one-dimensional  molecule  with  an  amine 
donor.  The  frequency  dependence  of  p  was  analyzed  according  to  the 
two-level  model,  which  is  suitable  for  a  one-dimensional  molecule.  The 
dispersion  formula  for  p  (relative  to  its  zero  frequency  value  po)  is 
derived  from  the  sum  over  states,  perturbation  theory  approach  to 
hyperpolarizability  given  by  Orr  and  Ward^^^  which  is  simplified  for  the 
2-level  model  to  a  single  term  given  by  equation  (1). 

p_  Pocog((Oo-iv)^ 

[{0)0  -iy)^  -o)^]'[(o)o  -iy)^  -W] 

Equation  (1)  assumes  homogeneous  broadening  (y)  of  the 
two-level  molecular  absorption  peak  (coo),  but  is  easily  extended  to 
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include  inhomogeneous  broadening  of  the  absorption  peak  by 
integration  of  a  Gaussian  distribution  of  homogeneous  peaks^^’^. 

For  the  two-dimensional  carbazole-containing  molecules  with 
two  p  components*^^  and  two  important  (overlapping)  excited  states  we 
must  therefore  use  a  3 -level  Orr  and  Ward^^^  formula.  Second  hcirmonic 
generation  (SHG)  by  a  2-D  molecule  in  an  aligned  medium,  such  as 
poled  polymer,  depends  on  the  vector  component  of  p  along  the  dipole 
axis,  given  by  summation  of  the  two  components  in  equation  (2a)^'’’®l 
We  calculate  this  using  a  simplified  3-level  Orr  and  Ward  formula, 
which  can  be  characterized  as  a  “double  two-level”  model,  given  by 
equation  (2b) 


(2a) 

g  _ _ Pl0  0)?o(<^10~h)‘' _ ^ _ P20C02Q(ti>2Q~iY)" _  (2b) 

where  Pio  and  P20  are  the  zero  frequency  first  hyperpolarizabilities  of 
the  two  components  and  010  and  ©20  are  the  frequencies  of  the  two 
excited  states.  As  before,  inhomogeneous  broadening  of  the  peaks  can 
be  included  by  Gaussian  convolution. 


MATERIALS  AND  METHODS 

Material 

The  molecule  investigated,  denoted  IDS-Cab,  is  illustrated  in  Figure  1 . 
A  thin  (600  A)  film  of  this  molecule  in  PMMA  was  formed  by  spin 
coating,  and  then  corona  poled.  The  SHG  measurements  were 
performed  immediately  after  the  completion  of  the  poling. 

Experimental  setup 

The  laser  system  is  based  on  a  commercial  (Continuum  Surelite-II) 
Q-switched  NdiYAG  laser  (>-=l. 064pm,  lOHz,  7nsec,  550mJ), 
frequency  doubling,  and  a  BBO  crystal  as  an  OPO  tunable  light  source. 
The  doubled  Nd:YAG  beam  (200mJ  energy,  3.5mm  diameter)  pumps 
the  OPO,  and  by  changing  the  angle  between  the  laser  beam  and  the 
crystal  surface  the  output  wavelength  is  continuously  tunable  from 
850nm  to  960nm.  An  additional  source  is  provided  by  a  Raman  cell 
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(CH4  at  40  atm,)  used  to  shift  the  Nd:YAG  fundamental  beam  to 
1.54|am. 


Indandione 
is  the 
acceptor. 


Carbazole 
is  the 
donor. 


FIGURE  1  Two-dimensional  molecule,  IDS-Cab,  incorporating  the 
electron-accepting  indandione  group,  and  carbazole  as  the  donor. 


The  thin  poled  polymer  film  is  placed  at  60°  to  the  laser  beam 
and  the  SHG  signal  is  measured,  after  spectral  filtering,  by  a 
photomultiplier.  Since  the  experiment  is  performed  in  the  two-photon 
resonance  regime,  an  absorption  correction  is  made  for  the  attenuation 
of  the  poled  polymer  signal  at  each  specific  wavelength^^l  A  quartz 
plate  was  used  as  a  reference,  placed  at  the  same  location  and  scanned 
by  a  rotation  stage.  An  identically  poled  thin  film  of  pure  PMMA  was 
also  measured  and  its  susceptibility  was  negligible  compared  to  the 
poled  IDS-Cab  containing  film,  except  for  the  1 .54pm  measurement.  In 
this  case  the  polymer  susceptibility  was  subtracted  from  that  measured 
for  the  film.  Comparison  of  the  SHG  signals  of  the  thin  film  and  the 
quartz,  taking  into  account  the  frequency  dispersion  of  the  coherence 
length,  and  of  the  quartz  according  to  Miller’s  rule^'®^,  yields  the 
relative  Pz  values  of  the  IDS-Cab  molecule  at  the  various  wavelengths. 


RESULTS  AND  DISCUSSION 

The  second  harmonic  signal  of  the  poled  polymer  containing  the 
two-dimensional  molecule  IDS-Cab  was  measured  in  the  two-photon 
resonance  regime  (850-960  nm)  and  off-resonance  (1.064  and  1.54  pm) 
and  relative  molecular  Pz  values  extracted.  Results  are  plotted  in  Figure 
2  relative  to  Po,  which  is  taken  to  be  1.7  times  smaller  than  the  value 
measured  at  the  lowest  experimental  energy  (1.54pm)  in  accordance 
with  equation  (2b). 
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FIGURE  2  Frequency  dependence  of  jpzl  for  the  two-dimensional 
molecule  IDS-Cab  in  the  two-photon  resonance  regime,  measured  in 
a  poled  PMMA  film.  Results  are  compared  to  predictions  of  the 
2-level  and  the  simplified  3-level  models  of  equations  (1)  and  (2b) 
with  inhomogeneous  broadening. 


Figure  2  also  shows  that  a  good  fit  to  all  the  experimental  results 
is  achieved  by  using  our  3-level  model,  equation  (2b).  The  parameters 
used  to  produce  this  fit  were:  Pio  =  48,  p20  =  -80  (in  units  of  10'^®  esu), 
©10=  21830  cm'^  ©20=  23255  cm*^  and  a  Gaussian  half  width  of  1600 
cm'^ .  All  these  parameters  are  taken^^^  from  the  absorption  spectrum  of 
the  molecule  and  the  low  fi*equency  EFISH  and  HRS  measurements. 
Thus  there  are  no  free  parameters  in  the  calculation,  and  the  only  fitting 
done  was  to  adjust  the  parameters  within  their  experimental  uncertainty. 

This  3 -level  model  (double  2-level  model)  gives  a  stronger 
resonance  enhancement  for  the  amplitude  of  p  than  is  possible  Ifom  the 
normal  2-level  model.  As  given  by  equation  (1),  the  2-level  model 
predicts  a  maximum  enhancement  of  only  12,  while  our  3-level  model 
predicts  an  enhancement  factor  of  28.  The  3-level  model  prediction 
shows  very  good  agreement  with  the  experimental  result  of 
approximately  27. 

Another  interesting  consequence  of  the  3 -level  model  given  by 
equation  (2b)  is  that  at  the  two-photon  resonance  regime  the  second 
order  susceptibility  can  become  real  since  the  imaginary  parts  from  the 
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two  terms  cancel  each  other.  EFISH  results  that  show  this  behavior  will 
be  published  elsewhere. 


SUMMARY 

We  have  shown  that  the  two-dimensional  IDS-Cab  molecule,  having 
carbazole  in  its  donor  site,  has  a  unique  resonance  behavior  of  (3.  The  (3 
amplitude  shows  a  strong  resonance  enhancement  that  is  reproduced 
very  well  by  the  predictions  of  our  simple  3-level  model  created  by  a 
“double  two  level”  model. 
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We  have  studied  the  two-photon  absorption  (TP A)  spectra  of  two 
polyphenyl  compounds.  At  resonance,  the  TPA  amplitude  is  enhanced 
when  increasing  the  number  of  phenyl  rings.  This  improvement  is  in 
agreement  with  semi-empirical  quantum  chemistry  calculations  that 
predict  enhancement  of  TPA  when  changing  the  oligomer  size. 


Keywords  two-photon  absorption  ;  nonlinear  optics  ;  organic 
materials. 


INTRODUCTION 

Organic  materials  with  large  two-photon  absorption  present 
considerable  interest  in  optoelectronics.  Applications  such  as  optical 
limiters,  two-photon  microscopy,  3D  data  storage  are  demanding  for 
materials  with  strong  two-photon  cross-sections^*^. 

Concerning  the  optimization  of  TPA  in  organic  molecules,  strategies 
based  on  the  influence  of  the  charge  transfer  conjugation  system  and  of 
the  substituents  have  been  developed^^''*^  In  this  work,  we  have  studied 
the  spectral  dependence  of  the  two-photon  cross-section  (gtpa)  of  a 
tetraphenyl  and  a  pentaphenyl  derivative.  The  results  are  analyzed  with 
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a  three  level  model  and  compared  with  a  theoretical  one  based  on 
quantum  chemistry  calculations. 


EXPERIMENTAL 

Figure  1  shows  the  molecular  structure  of  the  compounds  studied 
experimentally.  The  tetraphenyl  (BiBuQ)  and  pentaphenyl  (QUI) 
derivatives  are  commercial  laser  dyes  and  were  purchased  from 
LambdaPhysik.  The  substituents  allow  a  good  solubility  of  the  dyes  at 
room  temperature.  Both  compounds  were  dissolved  in  chloroform  at 
concentrations  of  4.4  10*^M  for  BiBuQ  and  4.9  10‘^M  for  QUI. 

^XBELQ 


FIGURE  1  Structures  of  the  compounds  studied  in  this  work 

The  two-photon  cross-section  spectra  have  been  determined  by  tw’o- 
photon  excited  fluorescence  measurements.  The  laser  was  a  frequency 
tripled  Nd:YAG  which  pumped  an  optical  parametric  oscillator  (OPO). 
The  OPO  delivered  2.6  nanosecond  (ns)  pulses  in  the  range  450-650nm. 
The  beam  was  collimated  over  the  5mm  path  length  of  the  sample.  The 
fluorescence  emission  was  collected  at  90°  from  the  exciting  beam  by  a 
lens  and  injected  in  an  optical  fiber  connected  to  a  spectrometer. 
Calibrations  of  Oipa  were  performed  using  a  reference  standard  :  p- 
Bis(o-methylstyril)-benzene*'''l 


RESULTS 

In  figure  2,  we  show  the  intensity  squared  dependence  of  the 
fluorescence  for  both  compounds. 
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FIGURE  2  Dependence  of  the  two-photon  fluorescence  with 
intensity 

As  it  can  be  seen,  the  fluorescence  emission  obeys  the  intensity  squared 
law  as  long  as  the  incident  energy  is  below  0.01  mJ.  Deviations  were 
observed  at  higher  energies  mostly  due  to  excited-state  absorption. 
Figure  3  shows  the  cttpa  spectra  derived  from  the  two-photon  excited 
fluorescence  measurements. 
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FIGURE  3  Two-photon  cross-section  spectra  of  the  polyphenyl 

For  BiBuQ  and  QUI,  the  TPA  spectra  extend  from  600nm  to  475nm 
and  the  TPA  resonance  points  near  530nm  with  peak  values  of  1 .5  10'^* 
and  2.5  cmd.s/fphoton-molecule)  respectively. 
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THREE  LEVEL  MODEL 

The  two-photon  cross  section  is  related  to  the  imaginary  part  of  the 
third  order  polarisability  y(-o):c),(o,-0))  .  Using  1  dimensional, 
centrosymmetric  molecules,  and  making  the  assumption  that  the  linear 
response  of  the  material  is  dominated  by  a  single  excited  slate  |1>,TPA 
can  be  described  by  a  three  level  model.  In  this  model,  the  two-photon 
transition  occurs  between  the  ground  state  |0>  and  an  upper  excited 
state  |2>  w'hich  is  strongly  coupled  to  |1>  (sec  rigurc4). 


|2>. 


il>- 


|0- 


h2 


Moi 


">1,1 


FIGURE  4  Three  level  model  of  the  TPA 


A  simplified  form  of  the  two-photon  cross-section  otpa  at  resonance  for 
the  transition  i0>  ->  |2>  is  : 


<J  n>A 


AaiAf: 


£o,-  2 


(I) 


where  Ejj  is  the  transition  energy  between  the  |i>  and  [j>  states,  p,j  is  the 
transition  dipole  moment  between  |i>  and  [j>. 

Analyze  of  the  linear  absorption  spectrum  of  BiBuQ  and  QUl  allows  to 
derive  the  position  of  the  first  excited  state  |1>  and  the  transition  dipole 
moment  poi-  Using  equation  (1)  and  the  cttpa  spectrum,  energy  of  the 
state  |2>  and  pi2  can  be  estimated.  Figures  5  presents  the  three  level 
model  obtained  for  the  two  compounds. 
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FIGURE  5  Experimental  three  level  model  for  the  two 
polyphenyl  molecules 


THEORETICAL  MODEL 

We  used  a  semi  empirical  approach  to  perform  calculations  of  the  two- 
photon  cross  section.  The  geometry  of  the  molecules  was  optimized  by 
using  the  MOPAC  package  and  the  electronic  states  energies  and  dipole 
moments  were  obtained  by  a  configuration  interaction  based  on  the 
CNDO  method.  The  electronic  states  and  transition  dipole  moment  of  a 
tetraphenyl  and  a  pentaphenyl  molecules  have  been  calculated.  The 
results  of  the  calculations  are  shown  figure  6. 
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FIGURE  6  Comparisons  of  the  theoretical  electronic  state 
features  of  tetraphenyl  and  pentaphenyl  molecules 
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DISCUSSION 

The  comparisons  between  experimental  and  theoretical  results  show 
that  increasing  the  number  of  phenyl  rings  gives  an  enhancement  of  the 
transition  dipole  moments  and  therefore  an  enhancement  of  ajPA. 
Experimentally,  improvement  by  a  factor  of  1 .6  is  observed  going  from 
four  to  five  phenyl  rings.  Theoretically,  wc  found  that  the  pentaphen>  i 
has  a  cross-section  at  resonance  enhanced  by  a  factor  of  2,9  with 
respect  to  the  tetraphenyl.  The  main  reason  is  the  improvement  of  the 
transition  dipole  moment  contribution  by  a  factor  of  2.4  and 

also  a  decrease  in  the  transition  detuning  term  (E01-E12/2)  from  14300  to 
13000  cm'  .  In  the  case  of  a  coherent  coupling  between  the  monomers 
(the  phenyl  ring),  one  would  have  expected  a  factor  of  1.6.  The 
difference  resides  in  the  fact  that  the  pentaphenyl  has  a  conjugation 
length  longer  than  the  tetraphenyl.  This  also  explains  the  red-shift  of  the 
one  and  two-photon  transitions  in  the  calculations. 


CONCLUSION 

We  have  shown  experimentally  that  polyphenyl  molecules  exhibit  large 
two-photon  cross-sections  and  that  the  TPA  increases  wath  the  number 
of  phenyl  rings.  This  result  is  also  demonstrated  theoretically. 

Other  studies  are  in  progress  to  determine  the  optimum  size  of 
molecules  for  efficient  TPA. 
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Polarization  Recording  and  Reconstruction  in 
a  Photoinduced  Anisotropic  Medium 
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We  have  derived  the  polarization  state  of  the  wave  that  is  diffracted  at 
two  types  of  polarization  gratings;  one  is  recorded  with  two  orthogonal  lin¬ 
early  polarized  waves,  the  other  with  two  orthogonal  circularly  polarized 
waves.  The  corresponding  experiments  using  bacteriorhodopsin  films  are 
interpreted  in  terms  of  this  simplified  model. 


Keywords  polarization  holography;  photoinduced  anisotropy;  polariza¬ 
tion  grating;  bacteriorhodopsin 


INTRODUCTION 

Traditional  holography  uses  the  interference  phenomenon  to  record  the 
amplitude  and  phase  of  light.  Complete  optical  recording,  including 
the  storage  of  information  about  the  amplitude,  phase,  and  polariza¬ 
tion  state  of  light,  requires  the  use  of  a  general  elliptically  polarized 
wave.  The  photosensitivity  of  photoinduced  anisotropic  materials  are 
utilized  for  recording  polarization  holograms[l-3].  Spatially  variable 
anisotropic  transparencies  such  as  polarization  gratings  are  of  poten¬ 
tial  use  in  optical  information  processing[4,5].  The  aim  in  this  paper 
is  to  determine  the  selectivity  dependence  on  the  diffracted  wave  po¬ 
larization  by  the  polarization  thin  gratings. 


THEORETICAL  BACKGROUND 

Polarization  Gratings  Recorded  with  Two  Orthogonally  Polarized 
Waves 


We  consider  two  types  of  polarization  interference  pattern  formed  by 
two  plane  waves  R  and  S  with  equal  intensity.  R  and  S  are  lying  in 
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the  xz-plane  and  subtending  and  angle  2^u^(Figure  1).  The  grating 
a  is  recorded  by  orthogonal  linear  [R  :  horizontal,  S  :  vertical)  and 
h  by  circular  [R  ;  left-hand,  S  :  right-hand)  polarized  waves  on  the 
a:7/-plane.  The  resulting  light  field  are  described  respectively  for  the 
case  a  and  6  by 


= 


(  E  exp  (26z)  )  ’ 


E  cos  S  \ 
£sin  6  y  ’ 


where  S  =  2x0:  sin  2S  is  the  phase  shift  between  R  and  5 

whose  wavelength  is  denoted  by  A^,.  The  period  of  these  gratings 
d  =  The  shape  of  the  modulations  are  shown  in  Figure  1. 


A 


5  I  0  nl4  jt/2  3jr/4  .t  5<^/4 


3n/2  7;t/4  2n 


1  \  W'^ 


=  26 

.V 


FIGURE  1  Arrangement  for  recorging  and  polarization  modulation  on 
the  a;j/-plane.  (a)  is  recorded  by  orthogonal  linear(jR  :  horizontal,  5  :  ver¬ 
tical)  and  (b)  by  circular(/?  ;  left-hand,  5  :  right-hand)  polarized  waves. 


We  assume  that  only  linear  anisotropy(dichroism  and  birefringence) 
is  induced  in  the  material.  The  Jones  matrices  for  the  gratings  are 


to  + 

2 

cos  26 


cos  26 

2 

to  -f-  te 
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(1) 


JM,= 


to  cos^  ^  +  fe  sin^  6  [to  —  te)  sin  6  cos  6  ^ 
(fp  —  <e)  sin  ^cos^  <0  ^ -f  cos^  ^  i’ 


(2) 


where  to  and  te  are  the  amplitude  transmissions  of  the  ordinary  and 
extraordinary  wave,  respectively.  The  Jones  vector  for  the  incident 
wave  (a  general  elliptic)  can  be  written  as 


P  = 


a 

\/a2  +  62 


6e“^ 


(3) 


where  a  and  b  are  the  lengths  of  the  principal  axes. 

The  amplitude  distribution  on  Zi  plane  in  Ccise  a  is  obtained  by 
multiplying  Eqs.(l)  and  (3); 
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In  case  6,  it  is  obtained  by  multiplying  Eqs.(2)  and  (3); 
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Polarization  Property  of  Diffracted  Wave 

The  amplitude  distributions  on  Zi  plane  as  shown  in  Eqs.(4)  and  (5) 
are  regarded  as  the  pupil  functions.  After  some  manipulations  the  ba¬ 
sic  integral  for  Fraunhofer  diffraction  on  Z2  plane,  Ua2{^2)  ^^62(2^2), 

turn  out  to  take  the  forms(we  omit  here  a  constant  factor)  as, 
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where  X  =  27ra:2/A,7.  Here  /  denotes  the  distance  between  Zi  and 
and  A,  the  incident  wavelength. 

Equation  (6)  shows  that  diffracted  waves  at  the  polarization  grat¬ 
ing  a  is  split  into  three  plane  waves,  the  direction  of  which  are  A,/d, 
—  A,/d,  0,  respectively.  0-th  order  wave  has  the  same  polarized  state  as 
the  incident  wave  P,  and  ±1  order  diffracted  waves  are  polarized  or¬ 
thogonal  to  the  incident  wave.  From  Eq.(7),  it  is  noticed  the  diffracted 
waves  at  the  grating  6  are  split  into  the  same  direction  as  the  case  a. 
The  state  of  polarization  of  the  order  +1  is  left-circular  and  that  of 
the  order  —1  is  right-circular,  no  matter  what  the  polarization  state 
of  the  incident  wave. 


EXPERIMENTAL  PROCEDURE 

To  verify  the  relationships  derived  above,  we  carried  out  experiments 
using  the  natural  biologic  photochromes,  bacteriorhodopsin  (bR),  for 
various  combinations  of  the  polarization  states  of  the  recording  and 
incident  waves.  The  size  of  bR  film  is  (j)  20  mm  x  30  fim.  The 
experimental  arrangement  is  shown  schematically  in  Figure  2.  The 
bR  film  is  irradiated  by  two  recording  waves  R  and  S  emanating  from 
an  Ar-ion  laser  (515  nm).  They  cross  at  an  angle  of  8°.  A  He-Ne 
laser  is  used  to  probe  the  grating  at  a  different  wavelength  (633  nm). 
All  three  waves  are  adjusted  to  linear  polarization,  and  expanded  to 
a  diameter  of  2  cm  on  the  sample.  The  intensities  of  each  of  the 
recording  waves  are  equal  to  2  mW/cm^,  while  that  of  the  probe  beam 
is  0.6  mW/cm^.  Half-wave  or  quarter- wave  plates  R  are  inserted  into 
these  waves  to  change  their  polarization.  The  polarization  state  of 


FIGURE  2  Experimental  setup  for  investigating  polarization  effect  of  the 
diffracted  wave  at  polarization  gratings. 
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FIGURE  3  Experimental  results  for  recording  waves  of  linear  polarization. 
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FIGURE  4  Experimental  results  for  recording  waves  of  circular  polariza¬ 
tion. 


diffracted  wave  D  is  determined  by  using  a  retarder  and  an  analyzer. 
Figures  3  and  4  show  the  experimental  results  of  the  diffracted  wave 
for  various  combinations.  The  sixth  and  seventh  columns  show  the 
experimental  values  of  the  relative  diffraction  efficiency.  They  are 
normalized  with  respect  to  the  value  of  ordinary  hologram  equal  to 
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0.005  in  the  first  row  of  Figure  3.  Hence  the  diffraction  efficiency  for 
the  ordinary  and  the  polarization  hologram  is  of  the  same  order  of 
magnitude. 

All  the  results  for  the  polarization  states  agree  well  with  the  the¬ 
oretical  prediction.  The  polarization  state  of  diffracted  wave  at  the 
grating  a,  as  shown  in  Figure  3,  is  orthogonal  to  that  of  the  incident 
wave.  The  bR  film  causes  a  phase  retardation  of  tt  in  the  diffraction: 
it  plays  the  role  of  a  half-wave  plate.  From  Figure  4,  we  find  that 
the  amplitudes  of  first  order  waves  depend  on  the  polarization  state 
of  the  incident  field.  When  the  polarization  of  incident  wave  changes 
over  left-  to  right-circular  frequently,  using  a  Pockels  cell,  the  grating 
6  acts  as  a  very  fast  optical  switching  device. 

CONCLUSION 

In  conclusion,  theoretical  and  experimental  studies  have  been  pre¬ 
sented  for  the  polarization  characteristics  of  the  diffracted  wave  at 
the  palarization  gratings  recorded  in  a  material  showing  photoinduced 
anisotropy.  We  have  demonstrated  reconstruction  of  the  polarized 
wave  using  bacteriorhodopsin  (bR)  films  and  observed  generally  good 
agreement  with  the  theoretical  prediction.  The  results  of  our  investi¬ 
gations  have  clarified  the  following  points.  The  polarization  grating 
plays  the  role  of  a  perfect  polarization  phase  conjugator  or  a  retarder 
of  TT,  depending  on  the  polarization  states  of  recording  waves.  These 
devices  might  be  useful  for  both  image  recording  by  polarization  mul¬ 
tiplexing  and  new  optical  logic  processors  using  polarization  encoding. 
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Second  harmonic(SH)  spectra  of  merocyanine  dye(MD)  at  the  air-water 
interface  were  investigated  in  the  SH  energy  region  from  1.95  to  4.13eV. 
Distinct  two  peaks  were  observed  at  2  and  4eV,  which  are  the  resonant 
J-band  of  the  SH  wave  and  the  fundamental  wave,  respectively.  In 
addition  to  these  peaks,  a  small  peak  appeared  at  3.95eV,  the  origin  of 
which  is  not  clearly  but  probably  related  to  the  bound  state  of  two 
Frenkel  excitons.  Two  dimensional  SH  images  were  taken  by  using 
SHG  microscope  at  several  photon  energies.  Careful  comparison 
among  the  SH  images  revealed  that  the  SH  spectra  originate  in  the 
J-aggregate  state  of  MD. 


Keywords  second  harmonic  spectrum,  J-aggregate,  merocyanine  dye, 
second  harmonic  images 


INTRODUCTION 

Certain  kinds  of  dye  molecule  are  known  to  form  the  J-aggregate, 
which  is  characterized  by  a  red-shifted  sharp  absorption  band  and 
Stokes-shift-free  fluorescence[l].  Among  these  dye  molecules, 
merocyanine(MD)  is  unique  in  the  sense  that  it  exhibits 
second-harmonic(SH)  activity  as  a  result  of  molecular  asymmetry.  Thus 
the  second  harmonic  generation(SHG)  provides  a  powerful  tool  for 
investigating  the  J-aggregate  state  of  MD  as  well  as  fluorescence(FL) 
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and  absorption  measurements.  Our  recent  investigations  using  the 
SHG/FL  microscope  clarified  the  morphological  structure  of 
MD/arachidic  acid  (AA)  mixed  monolayer  at  the  air-water  interface  and 
MD  was  found  to  form  mesoscopic  J-aggregate  domains  which  are 
SH-active[2].  Purpose  of  the  present  study  is  to  clarify  the  energy  state 
of  MD  which  is  related  to  the  J-aggregation,  using  the  SH  spectroscopy. 
Besides  we  aimed  at  finding  active  sites  which  produce  the 
characteristic  nonlinear  optical  properties  of  the  MD/AA  monolayer 
system.  With  this  motivation,  we  measured  first  the  SH  spectra  in  the 
wide  energy  range  including  the  resonant  spectra,  then  took  the  SH 
images  at  several  photon  energies  and  examined  carefully  the 
distribution  of  SH-active  sites  in  these  images. 


EXPERIMENTAL 

MD/AA  monolayers  with  molar  ratio  MD/AA  of  2:3  were  used  in  the 
present  study.  AA  was  mixed  to  stabilize  the  MD  monolayer.  The 
mixture  compound  was  solved  in  chloroform  (1  mmol/1)  and  the 
solution  was  gradually  spread  on  the  subphase  of  aqueous  ammonia 
(<0.03  wt.%,  >pH10).  Surface  pressure  was  less  than  14.7mN/m. 

The  incident  photon  energy  was  varied  from  0.97  to  2.07eV  by 
using  the  optical  parametric  oscillator  (OPO).  The  average  power  of 
out-put  wave  from  OPO  is  1 .3~30mW  and  the  repetition  frequency  is 
20Hz.  SH  spectrum  was  detected  by  a  polychromator  equipped  with 
semiconducter  detector  array.  Absorption  spectrum  was  also  detected 
by  the  polychromator.  SH  images  were  taken  by  an  integrated  charge 
coupled  device  (ICCD)  with  gating  image  intensifier  synchronized  with 
the  laser  oscillation.  The  exposure  time  is  20~30  seconds. 


RESULTS  AND  DISCUSSIONS 

The  formation  of  the  J-aggregate  of  each  sample  was  examined  by 
observing  characteristic  J-band  absorption  and  fluorescence  spectra  at 
2eV.  Obtained  SH  spectra  from  1.95  to  3.35ev  are  shown  in  Fig.l 
together  with  the  absorption  spectrum.  A  sharp  peak  was  observed  in 
the  SH  spectrum  at  2eV,  which  is  the  resonant  spectrum  of  the  J-band 
for  the  SH  wave.  Fig.2  shows  the  SH  spectra  in  high  energy  region 
from  3.76to  4.13eV.  Other  two  peaks  were  observed  at  4  and  3.95eV. 
The  former  is  easily  discriminated  as  the  resonant  J-band  for  the 
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fundamental  wave,  while  the  origin  of  the  latter  is  not  clear  at  present. 
It  is  probably  related  to  the  resonance  with  excitonic  2-strings,  which  is 
the  bound  state  of  two  Frenkel  excitons  [3],  but  precise  examination  is 
necessary. 


FIGURE  1  SH  and  absorption  spectra  of  MD/AA  mixed 
monolayer  at  the  air-water  interface  in  the  energy  range  from 
1.95  to  3.35eV. 


FIGURE  2  SH  spectra  of  MD/AA  mixed  monolayer  at  the 
air-water  interface  in  the  energy  range  from  3.76  to  4.13eV. 


Absorption  (a.u.) 
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SH  intensity  was  found  to  decay  near  resonance  regions.  In 
particular,  the  decay  near  4eV  is  remarkable  as  shown  in  Fig.3.  The 
temporal  change  of  the  SH  intensity  is  well  fitted  by  double 
exponential  form  as 

I<2“)  =  A  exp(-t/ti)  +  B  exp(-t/T2)  ( 1 ) 

with  Ti  =  0.99s  and  12  =  9.54s  at  4eV,  for  example.  Dependences  of  xi 
and  T2  on  the  photon  energy  are  indicated  in  Fig.4.  SH  intensities  shown 
in  Fig.2  were  calculated  by  taking  the  decay  effect  into  consideration. 


FIGURE  3  The  decay  of  SH  intensity  near  the  resonance 
region. 


Energy  (eV) 


FIGURE  4  Photon  energy  dependence  of  the  decay  time  xi 
and  12. 
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SH  images  of  the  MD/AA  system  were  taken  at  several  photon 
energies.  During  the  observation,  the  optical  geometry  of  OPO  should 
have  been  rearranged  when  the  incident  photon  energy  was  larger  than 
1.43eV  and  it  necessitated  the  preparation  of  new  samples.  Thus  we 
choose  the  SH  image  taken  at  1.43eV  as  the  reference  image  and 
compared  the  images  for  all  spectrum  range.  The  results  for  the  low 
energy  (<2.86eV)  and  high  energy (>2.86eV)  sides  are  shown  in  Fig.5 
and  6,  respectively.  In  these  images,  the  parts  enclosed  by  white  dotted 
lines  are  one  of  J-aggregate  domains,  as  they  coincide  with  FL  image.  It 
is  clearly  shown  that  no  significant  differences  in  size  and  figure  are 
observed  in  examined  photon  energy  region.  Thus  we  can  safely 
conclude  that  whole  SH  spectra  in  Fig.l  is  generated  from  the 
J-aggregate  domains  in  MD/AA  mixed  monolayer  system.  The  spatial 
resolution  of  our  SHG  microscope  is  about  several  ten  pm  at  the 
air-water  interface  and  further  improvement  is  now  developing. 


FIGURE  5  SH  images  of  MD/AA  mixed  monolayer  system 
taken  at  1.98eV(a),  2(b),  2.32(c)  and  2.86(d)  of  the  SH  photon 
energy.  The  polarization  direction  of  the  incident  and  SH  beams 
are  indicated  in  the  arrow. 
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FIGURE  6  SH  images  of  MD/AA  mixed  monolayer  system 
taken  at  2.86eV(a),  3(b),  3.18(c)  and  3.23(d)  of  the  SH  photon 
energy.  The  polarization  direction  of  the  incident  and  SH  beams 
are  indicated  in  the  arrow. 
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The  growth  of  DAN  cr>'3taLs  on  nanostmctiired  PTFE  substrate  has  been  investigated 
i)y  means  of  X-ray,  FTIR  and  NT.O  ellipsometry.  Two  t>T>cs  of  structural  arrangements  were 
detected,  depending  on  the  growth  conditions.  In  both  cases,  the  (001)  daw  plane  contacts 
the  ( 100)  p-rFB  sul)strate  plane.  The  major  difference  between  both  types  of  samples  lies  in 
the  presence  of  azimuthal  orientation  at  the  interface.  The  comparison  between  the  various 
tecJuiiques  used  in  this  study  to  cliaracterize  the  obtained  thin  fihiLS  showed  a  remarkable 
agreement.  With  respect  to  this,  the  Second  Harmonic  Generation  revealed  once  again  as  a 
powerful  technkpxe  for  the  study  of  orientation  effects  in  crystalline  layers  of  NLO  organic 
materials. 

Keywords:  crystal;  growrth;  interfartie;  organic;  orientation;  SHG. 

INTRODUCTION 

Realization  of  oriented  films  of  organic  molecules  is  of  practical  importance  for  fabricating 
orgcinic  devices.*  In  order  to  obtain  a  complete  characterization  about  crystal  orientation, 
X-ray  diffraction  experiments  provide  a  very  powerful  techniejue  of  investigation,  both  in  so- 
called  0/20  and  grazing  incidence  (GDCD)  geometries.  Fiuthermore,  when  combined  to  the 
very  sensitive  optical  second  harmonic  generation  (SHG)  tool,^  tlie  nonlinear  optical  (NLO) 
coefficients  and  the  crystalline  orientational  distibution  functions  (COFDs)  at  surfaces  and 
interfaces  can  be  obtained.^  In  this  paper,  we  show  how  it  is  possible  to  get  such  informa¬ 
tions  for  thin  films  of  DAN  crystals  deposited  on  a  nanostructured  poly(tctrafluoroethylene) 
(PTFE)  suljstrate. 

SAMPLES  PREPARATION  AND  X-RAY  DIFFRACTION 

Highly  oriented  PTFE  substrates  were  prepared  according  to  the  method  described  in 
previous  pxiblications.**  Crystals  of  DAN  were  directly  grown  on  PTFE  substrates  by  sub¬ 
limation  under  vacuum  (0.05  Ibrr).  In  some  cases,  these  layers  were  further  annealed  at  a 
temperature  close  to  the  melting  point  (164.5*6'). 

The  X-ray  diffraction  measurements  were  performed  on  a  Rigaku  Denki  RU300  rotating 
anode  (18kW).  The  planar  orientation  was  determine*!  from  OjW  scans:  wuth  this  geometry 
the  lattice  plane  parallel  to  the  substrate  plane  can  be  probed.  The  azimuthal  orientation 
can  only  be  obtained  with  a  grazing  incidence  geometry^  thus  allowing  for  the  determination 
of  the  lattice  planes  perpendicular  to  the  substrate.  In  terms  of  the  transfer  momentum 
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vector  q,  tlic  0/20  and  tlic  grazing  incidence  geometry  corrcKpond  to  q  vc<-t,or.s  n'S])ectiveIy 
per])endienlar  and  ]>arallel  to  the  substrate  plane, 

1'he  DAN  rnolwule  is  a  donor-wct'ptor  (D-A)  trisubstitut.cd  iHinzenc  derivative  exliibiting 
a  higli  molecular  nonlincfirity,  with  a  cliarge  traiLsfcr  interaction  between  tlie  dimetliylamino 
and  iiitro  gioups  in  para  p«witioiLs  (Figure  1). 

I'lie  molf!c  ular  engeneoring  of  th(«e  molecules  favours  tlie  groutli  of  non  centrosymmetric 
crystals  witli  a  /^2,  monoclinic  structtirc.  I'he  unit  cell  ])arameters  are  a  -  0.4786n/n, 
h  -  1.3U5;bj77?,  c  =  0.87367)777  and  8  -  94.43“  (Figure  2). 

Dc])cnding  u{)on  crystfillizf^tion  time,  two  tyj)es  of  samplts  have  been  obtained  from 
sublimation,  at.  a  substrate  temperature  kei)t  at  30“(::'  and  a  i>owder  temperature  of  IblFC. 
For  short  crystallization  time;,  we  get  a  t>^)ically  lower  than  0.3  /jiii  thickness  sample,  aial 
its  diffraction  ewrve  i)resonts  two  peaks  whcTi  i  lives  tig;  it<xi  by  0/20  geometry  (Figure  3a). 

'J'hose  peaks,  obscrv(xl  at  =  7.257)777-'  and  ^  14  .  4  3  77777-',  correspond  respec¬ 
tively  to  (001)  and  (002)  reflections.  A  (001)/).i^r/(100);>7-p p;  is  thus  grouu,  the  aziimith.al 
orientation  of  wliich  having  to  be  studied  with  tlie  ClIXI)  tool. 

Figure  3b  sliows  the  reflections  observed  in  tlic  y-CIXD  scans  for  such  a  thin  sample, 
and  tabic  1  sumarizes  the  information  obtainc<l  by  such  a  Ux.hnitiue.  The  indexation  of  the 
ol>serv<id  refkx,'tions,  with  their  qf,ar-  momentum  transfert  and  associated  angnhir  jK>.s*itions 
<1*  witli  resjjoct  tro  the  PTFF  chain  axLs  are  given. 


TABLE  1 


- — . 

11  Nuui6ro  II  (hkl)  1)  x(°) 

qpor(nin  ')  ||  0* 

II  1  II  020  II  6.75 

9..'i  II  911 

It  2  II  100  II  9.2.5 

13.8  II  0 

3’1k;  a  and  b  crystallograiihic  jvxes  of  the  DAN  crystals  aie  resjTectively  parallel  anfl 
pcr])cndicular  to  the  1^3  f  chain  axi.s.  1  he  average  oruniUition  «it  the  interface  can  tlicreforc 
be  smmiiarizcd  by  the  following  orientational  relati<jnships; 


(001 )  o,uv  {{  (100)  riri-: 

[lOOjo.i.v  II  [OOllerp/::  (1) 

[OlOj/ju.M  II  [I00j/.77.Y; 

On  the  biisls  of  thcsKi  relations,  a  very  large  lattices  mismatch  can  lx:  ealculate<l  at  the 
interface: 


A  = 


=  15.3^. 


C^) 


F'urthermore,  the  t/t-GIXD  scan  curves  exliibit  pe;iks  with  a  FWIIM  close  to  20°. 

Both  results  indicate  a  lack  of  azimuthal  orientation  and  it  is  in  fact  hazardous  to  s{)cak 
about  epitaxy.' 

The  molecular  view  representing  the  proixxswl  (001)o4.v/(100)/.;  pp  interhwe  is  presented 
on  figim'  4. 

The  sei:ond  type  of  stunplcs  arc  obtained  when  the  growth  Ls  pursued  over  longer  crys¬ 
tallization  times  and  consist  of  samples  thicker  than  1  fim.  In  this  ca.se,  the  (OOl)n^p 


ORIENTATION  AND  NON  LINEAR  OPTICAL  PROPERTIEIS 


Figure  2:  Relations  between 
crystallographic  and  dielectric 
reference  frames. 


<Jpaf  momentum  (nm  ’) 

Figure  3:  0/20  X-ray  diffraction  experiment  and  GIXD  experiment 


4 


Pigare  4:  Represeisiation  of  the 


Figure  4:  Representation  of  the  (0O1)dan  ^  (I^O)ptfe  interface 
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planar  orienLatioii  is  conserved  wliile  tlie  azinnith;il  orientation  is  coini»lelely  lost  (uniaxial 
orientation). 

NLO  RXI’ERIMIlNd'AL  RliSUL'I'S  AND  DISCUSSION 

Jlic  nonlinear  optica!  (NEO)  projxTtics  of  DAN  crystalline'  layers  were  determined  from 
sw;ond  harmonic  generation  (SHC)  cxperiinents.  A  Q-s%\itclied  NdtYAC  laser  generating  10 
nanosecond  pulsc«  at  a  10  Hz  repetition  rate,  at  a  wavelength  of  KMO  mn  was  ased.  The 
sain])l(;s  were  mounted  on  a  rotating  and  traiislalahle  stage  with  the  PTFE  sliding  dirtvtioii 
S(T  either  parallel  or  i>erpendieular  to  the  polarizivtion  direction  of  the  incident  laser  beam. 
'I'he  orientation  dependence  (ellipsometia’  configuration)-’  of  the  SHC  signal  was  nieasur<'fl 
by  rotating  the  polarisation  (cj)  of  the  incident  Ixvam  from  0°  to  :i(>0°,  the  analy.ser  remaining 
fmxl  either  parallel  (p)  or  per])endicular  (s)  to  tlic^  R'l'l’E  sliding  direction. 

DAN  crystals  an;  inon<K;Iinic  and  biaxial,  with  i>oinl  group  ('2,  one  principal  axis  of 
the  dielectric  teasor  being  constrained  by  symnM;try  to  !m-  jwallel  to  thf-  twofold  axis  b  of 
the  imit  cell,  th(i  other  principal  axes  lie  in  the  (010)  crystallogra])hic  phuie  as  a  result  of 
subtle  packing  and  dick;ctric  considerations.  Their  orientation  has  already  bwn  deterniiiu'd 
exjjerinientally, 

For  cry.stal  belonging  to  i)oint  group  2  (class  of  M.M‘),'  the  .s«'cond  hantionic  polarizat  ion 
P  is  expreascrl  by  the  teiLsorial  relation: 


(3) 


/  \ 

2EyE, 

2E,E^ 

\  2E.E,  J 

Assuming  validity  of  the  Klcinman’s  s>rnnietry  relatioiLs  in  agreement  with  tin-  off- 
resoiuiancc  conditions  of  our  exijeriment,  only  four  coefficients  remain  indei>endenf ,  namely: 


(1\\ 

1 

0 

0 

4,4 

0 

4„;  \ 

n 

-  42, 

422 

0 

d-j. 

0 

W'.  } 

I  Vo 

0 

0 

d34 

0 

43«  J 

^21  —  die- 422-42.1  =  434.  ^25  =  4i4  =  (-1) 

Since  the  crystallographit:  axess  are  not  orthogonal,  we  will  iLse  an  arbilrarv'  orthogonal 
sample  .system,  defined  with  the  following  convention:  x  and  y  arc  resjxx  tively  along  the  a 
and  b  axis,  and  the  perpendicular  z  axis  is  along  the  e*  axis.  An  angle  of  1.  FF  between  z 
and  c  is  shoivn  on  figure  2. 

1  he  experimental  set-up  for  the  SIICl-rn«usureinent  is  as  follows:  tlu;  samj>l(^  are  mounted 
on  a  stage  so  that  the  fiuidamental  wavcvcclor  is  oriented  normal  to  the  (001)  plane,  i.c. 
along  the  z  axis.  We  then  let  the  polarization  vector  of  the  fundamental  electric  field  vary 
imiforinly  in  this  plane  from  a  t  =  0  angle  t;hosen  to  1k'  in  the  direction  of  the  y  axis  all  the 
way  to  360°.  Finally,  the  second  Iwirinonic  signal  was  recorder!  after  polarization  analysis 
along  the  y  or  x  direction,  in  the  so-calk-d  tpi)  and  q-s  config-uratiotus.  'Phe  measur<>rl  Slid 
signal  is  then  expreased  as: 


/2.,  X 


where  the  effective  nonlinear  siLsee]>tibility  is  given  by: 


ORIENTATION  AND  NON  LINEAR  OPTICAL  PROPERTIEIS 


349 


dcff  =  {e(2a;).[d]  :  e(u;}e(a;)}  (6) 

c{Q)  refer  to  unit  vectors  along  the  polarization  of  fields  at  $7  =  a;  or  2uj. 

The  pulse  width  and  area  of  the  laser  spot  are  not  crucial  to  this  analysis  provided  that 
the  latter  Is  Izirge  enough  relative  to  the  size  of  the  crystals.  We  ^llso  neglect  here  local- 
field  and  transmission  factors.  These  approximations  allow  observations  of  differences  in  SH 
signals  produced  by  the  samples  presented  above  to  be  determined. 

For  thin  sample's,  experiments  show  a  q-s  curve  {figure  5)  which  presents  a  maximum  of 
SIIG  intensity  for  an  approximately  s  incoming  direction  of  polarisation,  while  the  q-p  curve 
is  essentially  isotropic. 

To  explain  these  observations,  let  us  first  express  the  relationship®  between  the  (xj’z) 
sample  frame  and  the  (XYZ)  dielectric  reference  frame.  As  shown  on  figure  2,  the  angle  ^ 
between  the  z  axis  and  the  X  dielectric  axis  is  equal  to  54.98°,  y  being  parallel  to  Y. 

Due  to  the  sublimation  procedure  on  PTFE  substrate,  our  samples  are  made-up  of  numer¬ 
ous  tiny  crystallites.  X-ray  diffraction  results  indicate  that  for  both  tj-pes  of  films  (thin  and 
thick),  the  contact  plane  corresponds  to  the  (001)£).4yv  plane  while  the  azimuthal  orientation 
drasticeilly  differs.  The  thin  samples  are  characterised  by  a  single-crystal-like  orientation  with 
a  broad  distribution,  the  a  parameter  being  parallel  to  the  l^TFK  sliding  direction.  In  order 
to  take  into  accoimt  the  broad  distribution  of  orientation  observed  in  GIXD  for  the  DAN 
crystals,  we  consider  the  following  box  model;  each  tiny  crystal  of  the  layer  Is  represented  by 
its  own  (XYZ)  dielectric  frame  with  the  attached  X  axis  (p>arallel  to  the  a  crj^stallographic 
axis)  making  a  random  angle  <j)  with  respect  to  the  PTFE  chmn  axis  in  the  (001)n/iA/  plane. 
For  all  the  crystals  of  the  layer,  the  (f>  angles  are  then  allowed  to  var>'  uniformly  in  a  box-like 
orientationeJ  distribution  of  aperture  range  [— Oo,  flo]-  The  transformation  matrix,  which  per¬ 
mits  to  connect  the  (x>'z)  external  sample  frame  in  which  measurements  are  being  performed 
onto  the  (XYZ)  internal  dielectric  reference  frame,  is  given  by; 

(  X  \  f  ^  \  /  —  sin6  cos  -  sin  <5  sin  d)  cos  6  \ 

y  1  — )■  Y  I  =  —  sin0  cosd>  0  (7) 

z  /  \  Z  j  y  —  cos  6  cos  (f>  —  cos  6  cos  (b  —  sin  6  j 

As  the  laser  beam  propagates  along  the  z-axis,  conservation  of  the  x  and  y  tangential 
components  of  the  electric  field  in  the  (x>’z)  sample  frame  permits  to  determine  the  following 
expressions  for  the  field  components  in  the  dielectric  frame: 

F^.y(7,  <t>)  =  Asin{t  +  d) 

Eyit,  d)  —  cos{f  4-  d)  (8) 

Ez{t,d)  ~  Bsin{t  -f-  d) 

where  A  and  B  are  only  functions  of  the  6  angle  defined  here  above  and  of  the  permit¬ 
tivities  at  optical  frequencies  sx  —  1-5172  and  sz  =  1.8432  as  determined  previously:® 
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by  the  nonlinear  ellipsometry  technique  for  thin  samples. 
Experimental  (c)  and  simulated  (d)  curves  obtained  by  the 
nonlinear  ellipsometry  technique  for  thick  samples. 
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The  second  order  polarizations  Py ,  Pr  ?  Pz  in  the  dielectric  frame  are  then  detennined  by 
means  of  equations  (3),  taking  into  account  Kleiiunan  relations  (4)  and  lead  to  the  following 
polarizations  expressed  in  the  (x^-z)  sample  frame: 

Px(L0)  =  -sin<i  coS(jf>/y{t,  (jo)  -  s\r\(t)l\'{t,(j))  -  cosS  cos(;&Pz(i,  0)  .  .  v 

Py{t,4))  =  “sin<Ssm(i)Pv(f,0)  —  cos0Pv{<,0)  —  cos5sini;iPz(T^) 

Reported  values  of  the  nonlincfir  coefficients  arc  ^21  =  l-Sp/i/V',  d-^-i  =  5.2pni/V'',  <i23  = 
50p?n/V'  and  ^25  =  1.5pm/V. 

Considering  that  the  numerous  DAN  crystals  of  the  layers  arc  characterised  by  a  broad 
distribution  of  orientation  spending  over  a  [-34°  ,34°]  interval,  the  x  and  y  polarized  intejisities 
an:  obtaiiud  by  averaging  acmrding  to: 


4(0  -  i  i  [PAU<i>)fd4> 

— 'H 

-14 


(11) 


respectively  for  the  cj-s  and  q-p  polarization  configurations.  Figure  5b  shows  the  simu¬ 
lated  ciuves  in  this  case. 

NLO  experimental  data  thus  acc:ount  for  a  unifonn  distribution  of  the  cr>"staLs  in  the 
layer  with  their  a  axis  distributed  over  a  [-34°,  34°]  distribution  around  the  PTFE  shding 
direction. 

f  or  yellow  samples  on  the  other  hand,  q-p  and  q-s  curves  are  given  in  figure  5c. 

'The  observation  of  two  maxima  of  intensity  at  right  angles  to  each  other  is  clearly  the 
signature  of  a  unoriented  powder-like  sample.  NLO  experimental  data  are  then  well  repro- 
duceti  by  averaging  over  a  full  angular  sprearl  for  random  in-plane  cr>\stal  orientation  in  the 
ovcriaycr.Figurc  5d  shows  the  simulated  results. 


OONCLUSION 

The  measureiiiejits  en’et:tuated  by  means  of  X-ray  diffritetion  and,  sulwequently,  by  the 
surface  SHC  nonlinear  eUipsometrj'  technique,  have  led  us  to  fully  characterize  the  inteface 
DAN /PTFE,  with  the  determination  of  the  structured  relations  between  the  lattices.  Fur¬ 
thermore,  the  analysis  of  the  OODFs  has  allowed  us  to  confirm  ratios  of  NLO  dominant 
coefficients  of  DAN  crystals,  already  reported  in  the  litterature. 
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Influence  of  Conjugation  Length  on  the  First  Hyperpolarizability  of 
Fluorescent  Hemicyanine  (DAST)  Homologues 
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Abstract  The  influence  of  the  conjugation  length  on  the  first 
hyperpolarizability  of  a  series  of  five  fluorescent  hemicyanine 
homologues  is  studied  by  femtosecond  hyper-Rayleigh  scattering.  A 
frequency-resolved  detection  scheme  has  been  used  to  suppress  the 
multi-photon  fluorescence  contributions  to  the  HRS  signal.  The  obtained 
fluorescence-free  first  hyperpolarizabilities  are  compared  with  theoretical 
values. 


Keywords  :  first  hyperpolarizability;  DAST  homologues;  HRS 
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INTRODUCTION 


Ionic  chromophores  have  since  long  been  envisaged  as  promising 
precursors  for  non-linear  optical  (NLO)  materials.  The  introduction  of 
the  hyper-Rayleigh  scattering  (HRS)  technique  made  it  possible  to 
measure  the  first  hyperpolarizability  P  of  ionic  chromophores  [1,  2]. 
Multi-photon  fluorescence  (MPF),  however,  can  contribute  to  the 
incoherent  HRS  signal  leading  to  an  overestimated  p-value.  Recently,  a 
frequency-resolved  femtosecond  HRS  setup  has  been  devised  to 
differentiate  between  immediate  scattering  and  the  time-delayed 
fluorescenee  in  the  frequency  domain  [3]. 


TECHNIQUE 

The  frequency-resolved  femtosecond  HRS  technique  relies  on  the  time- 
delayed  fluorescence  response  of  the  chromophore  in  the  time-domain 
leading  to  a  demodulation  of  the  fluorescence  signal  in  the  frequency 
domain.  Therefore,  at  high  amplitude-modulation  (AM)  frequencies  of 
the  fundamental  light  beam,  the  observed  demodulation  tends  to  zero  at 
high  AM  frequencies.  On  the  contrary,  no  such  demodulation  will  be 
observed  for  the  immediate  scattering  resulting  in  an  observed  constant 
scattering  intensity,  irrespective  of  the  AM  frequency.  Whereas  the 
generic  laser  type  for  HRS  experiments  is  a  Nd^+iYAG  laser  (1064  nm), 
a  femtosecond  Ti^+isapphire  laser  (800  nm)  has  to  be  used  for  the 
frequency-resolved  HRS  measurements.  A  femtosecond  optical 
parametric  oscillator  (OPO)  has  been  inserted  as  well  to  shift  the 
fundamental  wavelength  towards  the  infrared  (1300  nm)  resulting  in  a 
second-harmonic  wavelength  of  650  nm. 

Measuring  at  a  very  high  modulation  frequency  (several  GHz)  would 
enable  us  to  demodulate  the  fluorescence  completely.  Only  HRS  would 
be  observed,  leading  to  a  p-value  not  overestimated  by  fluorescence. 
Unfortunately,  measuring  at  this  very  high  modulation  frequency  cannot 
be  attained  experimentally.  We  have  resolved  this  problem  by  measuring 
the  demodulation  of  the  fluorescence  as  a  function  of  the  modulation 
frequency.  As  a  result,  multiple  HRS  experiments  at  various  modulation 
frequencies  have  to  be  performed.  A  fit  of  the  obtained  demodulation 
curve  (apparent  P-value  versus  modulation  frequency)  then  reveals  the 
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intrinsic  fluorescence-free  p-value  in  the  high-frequency  limit.  The  fitting 
equation  includes  the  fluorescence  decay  parameters,  i.e.,  the 
fluorescence  lifetime(s)  with  their  respective  amplitudes  as  well  as  the 
intrinsic  p. 


F.XPHRTMF.NTAL  RESULTS 


The  technique  was  used  to  measure  the  influence  of  the  conjugation 
length  on  the  first  hyperpolarizability  of  five  fluorescent  ionic 
hemicyanine  homologues  (DAST)  of  increasing  conjugation  length  (see 
Figure  1).  In  earlier  studies  on  non-ionic  and  non-fluorescent 
chromophores,  a  large  influence  of  the  conjugation  length  on  p  has  been 
observed  initially  followed  by  a  levelling-off  behaviour  afterwards  [4,  5, 
6,  7].  This  observation  is  in  good  agreement  with  theoretical  predictions 
on  these  chromophores.  Moreover,  theoretical  calculations  on  the  P  of 
ionic  and  fluorescent  DAST  chromophores  predict  a  similar  behaviour. 


FIGURE  1 .  Structure  of  the  hemicyanine  homologues.  The  conjugation 
length  of  the  studied  chromophores  varies  from  n  =  1  to  n  =  5. 

However,  the  experimentally  obtained  p-values  of  the  DAST 
chromophores  show  a  somewhat  different  dependence  upon  the 
conjugation  length.  The  experimental  first  hyperpolarizabilities  (Pexp) 
shown  in  Table  1.  The  static  first  hyperpolarizabilities  (po,exp)5 
calculated  using  the  two-level  model,  as  well  as  the  theoretical  values 
(Po.theo)  together  with  the  wavelength  of  maximum  absorption  (Xmax) 
are  summarised  in  Table  1 . 

Figure  2  shows  the  influence  of  the  conjugation  length  on  the 
experimentally  determined  values  and  on  the  theoretically  predicted 
values  of  the  first  hyperpolarizability.  The  static  first  hyperpolarizabilities 
retrieved  using  the  standard  femtosecond  HRS  technique  [8]  are  also 
shown  for  comparison.  The  Pexp  values  are  obtained  from  the  analysis  of 
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the  demodulation  curve  [9].  The  huge  discrepancy  between  the  apparant 
Po-values,  obtained  from  standard  femtosecond  HRS,  and  the 
fluorescence-free  Po-values  is  indicative  of  the  strong  fluorescence 
contribution  present  for  these  stilbazolium  chromophores.  On  the 
contrary,  the  agreement  found  between  the  po,exp  and  po,thco  for  n  =  1, 2 
and  3  illustrates  the  ability  of  the  frequency-resolved  femtosecond  HRS 
technique  to  retrieve  the  fluorescence-free  P-values.  The  different  trend 
in  Po,exp  versus  po,iheo  upon  enlarging  the  conjugation  length  can  be 
explained  considering  excited-state  isomerization.  If  an  isomerization 
takes  place  in  the  excited  state,  then  the  all-trans  configuration  is  lost  and 
a  less  conjugated  cis-isomer  is  generated,  leading  to  a  reduced  p-value. 
For  the  longer  conjugation  lengths,  a  partial  cis-configuration  becomes 
more  probable  leading  an  even  lower  p-value.  This  explains  the 
maximum  behaviour  of  the  first  hyperpolarizability  for  the  DAST 
homologues. 


n 

1 

2 

3 

4 

5 

^max 

496 

524 

546 

556 

570 

Pexp 

100 

1640 

2045 

780 

1200 

Po.exp 

36 

481 

496 

171 

224 

Po.theo 

222 

399 

632 

855 

1087 

TABLE  1.  The  wavelengths  of  maximum  absorption  (Xmax)  are  in  nm. 
The  theoretically  and  experimentally  obtained  values  of  the  first 
hyperpolarizability  p  are  in  esu.  n  is  the  conjugation  length  as 
defined  in  Figure  1 . 

The  theoretical  calculation  on  the  other  hand  considers  only  the  all- 
trans  isomers  of  the  chromophores.  As,  however,  isomerization  takes 
place,  the  calculation  should  incorporate  several  cis-isomers  as  well. 
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FIGURE  2.  Influence  of  conjugation  length  on  the  experimentally 
(Po,exp,  X)  and  theoretically  (Po,theo,  A)  determined  static  first 
hyperpolarizability.  Also  the  uncorrected  static  first  hyperpolarizabilities 
(apparant  po,exp.  +),  as  obtained  from  the  standard  femtosecond  HRS 
technique,  are  shown.  The  lines  are  only  intented  to  guide  the  eye  and  do 
not  represent  a  model. 

A  previous  study  on  an  inclusion  complex  of  a  stilbazolium 
chromophore  in  an  amylose  helix  [10]  supports  this  assumption  as  a 
doubling  of  the  first  hyperpolarizability  was  observed,  as  compared  to 
the  stilbazolium  chromophore  free  in  solution. 


CONCLUSION 


Five  fluorescent  hemicyanine  homologues  of  increasing  conjugation 
length  were  studied.  Theoretical  predictions  suggest  the  same  behaviour 
as  predicted  by  previous  studies  on  non-ionic,  non-fluorescent 
chromophores.  The  experimental  results,  however,  show  a  different 
behaviour  that  can  be  explained  by  excited-state  isomerization.  This 
explanation  is  supported  by  previous  studies  on  amylose  inclusion 
complexes. 
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Preparation  of  the  Anisotropic  Thin  Film  of  a  One-dimensional  Material 
on  an  ITO  Electrode 


TAKANORI TANO,  TAKEHITO  KODZASA,  HIROBUM  USHIJIMA, 
TOSHIHIDEKAMATA* 

National  Institute  of  Materials  and  Chemical  Research,  1-1  Higashi,  Tsukuba, 
Ibaraki  305-8565,  Japan 


For  the  development  of  the  light  up-conversion  device  utilizing  organic 
electroluminescence,  we  have  tried  to  introduce  a  highly  oriented  columnar 
structure  into  a  photo  conductor  layers,  d*  transition  metal  complex  with 
dionedioxime  has  been  examined  as  a  columnar  structure  molecule.  We  have 
attempted  a  fabrication  of  the  film  with  its  metal  chain  orienting  perpendicular  to 
the  siuface  of  an  indium-doped  tin  oxide  (ITO)  electrode.  It  was  shown  for  the 
first  time  that  control  of  deposition  conditions  permits  the  fabrication  of  the  film 
with  perpeniiicular  orientation  of  the  metal  chains  on  the  ITO  substrate. 


Keywords:  bis(diphenylgiyoximato)platinum(II);  ITO  electrode; 

one-dimensional  metal  complex;  oiganometallic  complex; 
photoconductivity;  organic  electronluminescense  device 


INTRODUCTION 

Recently,  there  has  been  increasing  interest  in  the  application  of  OEL  diodes  to 
new  types  of  devices  [1,2].  A  light  amplification  device  based  on  hybridization  of 
OEL  diodes  has  been  reported,  which  have  ability  of  light  up-conversion  fiom 
red  to  green.  In  such  a  device,  metal-phthalocyanine  molecules  with  a  columnar 
structure  are  generally  used  as  a  photo  conductor  layer.  However,  these 
compounds  are  only  able  to  respond  to  the  restricted  wavelength  of  the  irradiation 
light.  Therefore,  other  compounds  which  absorb  wide  wavelength  range  of  the 
light  fiom  UV-vis  to  near  infrared  region  have  been  requested. 

On  the  other  hanid,  it  has  been  shown  that  wavelength  of  absorption  band  of  d* 
transition  metal  complexes  with  dionedioxime  could  be  easily  changed  fiom  UV- 
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vis  to  near  infrared  region  by  selecting 

ligands  [3,4].  Therefore,  these  complexes  are 

considered  to  become  a  good  candidate  for 

consisting  a  photo  conductor  layer.  It  has 

been  known  that  these  complexes  in  the 

evaporated  thin  film  have  a  square  planar 

configuration  and  stacks  face-to-face, 

forming  a  one-dimensional  metal  chain 

(Figure  1)  [3.5].  Because  of  its  columnar 

structure,  it  is  expected  to  show  anisotropic 

photoconductivity.  Thus,  the  orientation 

control  of  the  column  is  important  to  fabricate 

a  high  quality  photo  conductor  layer. 

Previously,  we  have  found  that  the  FIGURE  1  Molecular  structure 

column  of  the  dioxime  complexes  with  d*^  platinum  dionedioxime 

transition  metals  in  an  evaporated  film  orients  ^  ^  staking 

arrangement  of  the  molecular 
perpendicularly  to  an  alkali  halide  surface  by  ^ 

epitaxial  growth  under  the  lattice  match 

condition  [6].  In  this  study,  we  have  examined  the  molecular  structure  in  the  film 
prepared  on  an  ITO  electrode,  of  which  surface  has  large  roughness  and  does  not 
appear  a  strict  lattice,  by  UV-vis  spectroscopy  and  AFM  measurements. 

EXPERIMENTAL 

Thin  films  were  prepared  by  the  vacuum  evaporation  technique  onto  a  quartz  or 
an  ITO  substrate.  The  sample  chamber  was  evacuated  at  ca  1 CT'  Pa  Substrate 
temperatures  were  varied  between  25  and  -1 75  °C,  and  deposition  rates  were 
changed  from  10  to  0.1  nm/min.  TTie  film  thickness,  measured  with  a  Tencor 
Alpha-step  300  surface  profilometer,  was  from  100  to  150  nm.  Absorption 
spectra  were  recorded  on  a  Shimadzu  UV-3100  spectrophotometer  in  a 
wavelength  range  300-1000  nm.  A  /^polarized  ultraviolet  or  visible  beam 
through  a  Glan-Thompson  prism  was  incident  upon  the  film  at  an  angle  of  70°. 
AFM  images  were  taken  using  noncontact  mode  on  either  a  Seiko  SPA  with  an 
SPI  3800  probe  station  or  a  .JEOL  JSPM-4200. 
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RESULTS  AND  DISCUSSION 

Figure  2  shows  absorption  spectra  of  bis(diphenylglyoximato)platinum(II); 
Pt(dpg)2  film  prepared  on  a  quartz  substrate  at  (A)  25  “C  and  (B)  -175  °C.  In  the 
absorption  spectra,  we  have  aimed  at  the  band  observed  at  ca  550  nm,  assigned 
to  the  5d^-6p,  transition  of  platinum.  Since  this  transition  originates  in  the  d- 
orbital  overlap  between  adjacent  platinum  ions  in  the  linear  metal  chain  [3,7],  the 
transition  moment  of  the  band  is  parallel  to  the  metal  chain.  Therefore,  one  could 
estimate  the  orientation  of  the  linear  metal  chain  by  estimating  dichroic  ratio  of 
the  band  [4].  In  case  of  the  film  prepared  at  25  °C,  no  obvious  dichroism  was 
observed.  This  indicates  that  the  film  has  random  orientation.  Figure  3A  shows  a 


FIGURE  2  Absorption  spectra  of  F^dpg),  film  on  a  quartz  substrate  prepared 
at  (A)  25  'C  and  (B)  -175  °C.  The  solid  line  is  the  spectrum  of  normal 
incidence;  the  dotted  line  is  that  of  70°  incidence  fiom  surface  normal. 


FIGURE  3  AFM  images  of  PtCdpg),  film  on  a  quartz  substrate  prepared  at 
(A)  25  “C  and  (B)  -1 75  °C  after  annealing  at  1 00  °C  for  ten  minutes. 
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topographic  image  of  the  film.  AFM  image  shous  that  the  film  is  composed  of 
worm-like  or  needle-like  crystals  without  any  regular  orientation  supporting  the 
spectral  results. 

On  tlie  other  hand,  a  large  dichroism  was  observ^ed  in  the  absorption  spectrum 
of  the  film  prepared  at  -175T,  (Figure  2B).  It  is  indicating  that  the  molecular 
columnar  axis  is  orienting  almost  perpendicular  to  the  substrate  surface.  Figure 
3B  displays  a  topographic  image  of  I^dpg),  film  prepared  at  -175  T  after 
annealing  at  1 00  “C.  I'he  image  is  not  identical  with  that  shown  in  Figure  3  A  at  all. 
The  film  is  composed  of  rod-like  crv'stal  of  w'hich  orientation  is  almost 
perpendicular  to  the  film  surfaee  and  the  respective  rod-like  ciy^stals  seem  to  have 
almost  same  length  in  this  film  thickness.  This  film  structure  would  give  a  high 
advantages  to  form  a  carrier  transport  layer  of  the  device.  From  further  detailed 
study,  it  was  shown  that  such  a  film  structure  can  be  obtained  in  a  film  prepared 
on  a  quartz  surface  at  least  below  -1 00  °C 

Moreover,  we  examined  to  form  perpendicular  orientation  using 
bis(dimethylglyoximato)platinum(II),  Pt(dmg)2,  where  phenyl  group  of  Pt{dpg)3 
is  substituted  by  methyl  group.  It  was  revealed  that  the  film  has  random 
orientation  independent  of  the  substrate  temperature.  This  result  means  that  the 
orientation  of  the  column  is  also  dependent  on  the  molecule  structure.  The  crystal 
of  both  compounds  has  the  same  space  group  as  orthorhombic.  Therefore,  main 
difference  between  PtCdpg),  and  Pt(dmg)2  molecules  is  the  substituent.  Since 
phenyl  group  is  electron-rich,  the  interaction  energy  between  a  Ptfdpgf,  molecule 
and  a  quartz  substrate  considered  to  be  much  larger  than  the  case  of  PtCdmg^,. 
Namely,  weak  interaction  betw'een  PKdmg).  and  a  quartz  substrate  appears  to 
cause  such  a  random  orientation. 

Since  we  have  examined  a  fabrication  condition  in  case  of  a  quartz  substrate, 
we  applied  this  strategy  to  an  ITO  electrode.  Figure  4A  shows  an  absorption 
spectrum  of  F^dpg),  film  prepared  at  25  °C.  No  dichroism  was  clearly  observed 
in  the  band  intensity  at  550  nm.  Spectrum  figure  is  very  similar  to  that  of  Ptfdpg)^ 
film  on  a  quartz  substrate  prepared  at  the  same  temperature  (Figure  2A).  These 
results  indicate  that  molecular  orientation  in  the  film  is  not  very  much  different 
from  that  in  the  film  shown  in  Figure  3A. 

When  the  Ptfdpg),  film  on  an  ITO  substrate  were  prepared  at  -  1 1 0  "C,  drastic 
change  was  occurred  in  the  absorption  spectrum  (Figure  4B).  At  normal 
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incidence,  aJmost  no  absorption  was  present  at  around  550  run.  As  for  oblique 
incidence,  a  strong  broad  band  could  be  observed.  This  shows  that  the  P^dpg), 


molecules  are  stacked  as  its  axis  is 
almost  perpendicular  to  the  substrate 
surface. 

In  the  film  prepared  at  -175°C,  a 
spectrum  with  extremely  small  band 
intensity  was  obtained  and  the 
dichroic  ratio  was  no  longer  observed 
(Figure  4C).  This  indicates  that  the 
columnar  structure  of  the  Pt(dpg)2 
molecule  is  hardly  present  in  the  film. 
In  the  absorption  spectrum  of  the 
chloroform  solution  dissolving 
Pt{dpg)2,  the  band  at  550  nm  was  not 
observed.  Therefore,  Pt(dpg)2 
molecules  seem  to  be  randomly 
dispersed  in  the  film.  Since  the  ITO 
electrode  has  generally  surface 
roughness  with  several  nm  size  [8].  it 
is  likely  that  the  surface  roughness 
and  low  substrate  temperature  are 
probable  reasons.  Namely,  when 
molecules  are  deposited  on  the  rough 
surface,  they  are  trapped  in  trough  and 
not  able  to  re-orient  or  move  around 
because  of  low  substrate  temperature. 

From  above  results,  it  was 
revealed  that  substrate  temperature  at 
around  -100  °C  leads  to  a  unique 
orientation  of  molecules  even  in  case 
of  an  ITO  electrode.  I-lowe\'er,  the 
optimum  condition  was  strongly 
dependent  on  the  type  of  substrates. 


Wavelength  /  nm 


FIGURE  4  Absorption  spectra  of 
Pt(dpg)2  film  prepared  on  an  ITO 
electrode  at  (A)  25  “C,  (B)  -1 1 0  “C  and 
(C)-175  “C. 
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CONCLUSION 

For  the  development  of  the  light  up-conversion  device  utilizing  GEL  phenomena, 
we  have  tried  the  introduction  of  a  columnar  structure  into  a  transport  layer.  We 
have  found  out  the  optimum  conditions  for  fabricating  the  film  with  the  column 
orienting  perpendicular  to  the  substrate  surface.  In  spite  of  surface  roughness  of 
tlie  ITO  electrode,  Pt(dpg)2  film  prepared  at  -1 10  T  was  composed  of  highly 
oriented  columnar  structure.  Therefore,  the  film  is  applicable  to  a  photo  conductor 
layer  in  the  GEL  device. 
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Thin  solid  films  of  low-dimensional  J-aggregates  of  amphyphilic  cyanine 
dyes  with  various  lengths  of  the  N-alkyl  substituents  were  obtained.  It  has 
been  found  that  the  length  of  the  alkyl  substituent  influences  the  structure 
of  the  aggregates,  which  allows  for  the  control  of  their  optical  properties. 
These  films  possess  an  optical  cubic  susceptibility  (10'^  esu).  The  disper¬ 
sion  of  Imx^^^  within  the  exciton  absorption  band  was  measured  by  the  Z- 
scan  technique.  The  indexes  of  refraction  and  absorption  coefficients  of 
the  films  were  measured  by  spectral  ellipsometry. 


Keywords 

J-aggregates;  Thin  films;  N-alkylsubstituted  pseudoisocyanines;  Optical 
spectra;  Cubic  susceptibility;  Refractive  index 


INTRODUCTION 

The  low-dimensional  molecular  aggregates  of  cyanine  dyes,  so  called  J- 
aggregates,  attract  the  attention  of  researchers  due  to  their  interesting  op¬ 
tical  properties.  J-aggregates  of  cyanine  dyes  are  characterized  by  a  nar¬ 
row  band  of  exciton  absorption  (J-peak)  which  is  red  shifted  compared  to 
the  absorption  of  the  monomer  form  of  the  dye.  The  J-peak  appearance  is 
a  collective  phenomenon  and  is  connected  with  the  dipole-dipole  interac¬ 
tions  between  the  excited  dye  molecules  that  are  contained  in  the  aggre¬ 
gate.  It  leads  to  the  formation  of  de-localized  excitonic  states  with  high 
oscillator  strength  of  the  optical  transition.  Recent  theoretical  [1-3]  and 
experimental  [4-10]  works  have  shown  that  molecular  J-aggregates  pos- 
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sess  high  cubic  optical  susceptibility  (10'^  -10'^  esu)  [4-7]  and  fast 
switching  times  s)  at  the  J-peak  resonance  condition. 

At  present,  methods  are  known  to  form  J-aggregates  in  water  so¬ 
lutions,  in  frozen  glasses,  and  in  polymer  matrices  [1 1].  It  was  shown  that 
the  length  of  alkyl  substituents  may  influence  the  structure  and  optical 
properties  of  aggregates  formed  in  a  water  solution  of  amphiphilic  cynine 
dyes  [12].  It  is  also  important  to  have  knowledge  about  the  linear  and 
nonlinear  optical  properties  of  thin  solid  films  of  the  cyanine  J-aggre- 
gates,  keeping  in  mind  the  possible  practical  applications. 

The  purpose  of  the  present  work  is  to  study  the  optical  and  non¬ 
linear  optical  properties  of  thin  films  of  J-aggregates  of  cyanine  dyes  with 
various  lengths  of  the  N-alkyl  group. 


EXPERIMENTAL 

Dyes  and  Methods  of  preparation  of  thin  films 

In  this  work  we  have  used  l,l’-diethyl-2,2’-cyanine  iodide  (PIC)  with  a 
series  of  N-alkyl  substituents  with  symmetric  position  la  -  c:  Aik  -  Aik 
=  a  -  C2H5  -  C2H5,  b  -  C6H,3  -  C6H,3,  c  -  C,oH2i  -  C,oH2,,  d  -  C,5H3,  - 
CjoH3i,  e  -  C18H37  -  C18H37;  and  non  symmetrical  position  2a  -  d:  Aik  - 
Aik*  =  a  -  C2H5  -.C6H,3,  b  -  C2H5  -  C10H21,  c  -  C2H5  -  C15H31,  d  -  C2H5  - 
C18H37  [13].  The  absorption  spectra  of  the  organic  solutions  of  PIC  la  -  e 
and  2a  -  d  at  concentrations  smaller  then  10'^  M  show  no  differences, 
which  indicates  that  the  optical  properties  of  the  monomers  do  not  depend 
on  the  length  of  the  substituents. 

Dye  films  were  prepared  by  spin-coating  (at  2000  -  3000  rpm)  on 
a  glass  substrate,  from  dye  solutions  (acetonitrile  or  ethylene  dichloride) 
at  concentrations  ~10'^  M. 

Optical  properties  and  structure  of  thin  films  of  J-aggrepates 
From  the  optical  spectra  of  the  thin  solid  films  one  can  conclude  that  the 
J-aggregated  form  of  the  dye  is  present  for  the  samples  with  nonsymmet- 
rical  PIC  (2a-d),  while  dyes  with  symmetrical  position  of  the  substituents 
give  H-aggregates.  H-aggregates  are  characterized  by  an  exciton  absorp¬ 
tion  band  that  is  blue-shifted  compared  to  the  monomer  absorption.  The 
tendency  to  increase  the  spontaneous  conversion  of  the  dye  monomer  to 
J-aggregates  during  film  formation  when  increasing  the  length  of  the  al¬ 
kyl  substituents  was  observed  for  PIC  2b-d.  This  is  clearly  seen  from 
Figure  1,  which  gives  the  film  spectra  at  low  dye  concentration,  PIC  2b 
dye  practically  has  not  given  the  J-aggregate  form,  while  the  PIC  2c  and 
PIC  2d  give  such  form,  and  the  J-peak  for  PIC  2d  dye  is  more  noticeable. 
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The  typical  widths  (HWHM)  of  J-peaks  were  200-230  cm'^  and  practi¬ 
cally  did  not  depend  on  the  length  of  the  substituent. 


0.2 


0l - 1 - 1 - L_ 

500  550  600 

Wavelength  (nm) 


FIGURE  1 .  Linear  absorption  spectrum  of  J-aggregate  films,  dot-dash 
line  -  for  PIC  2b,  dotted  line  -  for  PIC  2c,  solid  line  -  for  PIC  2d.  The 
films  are  prepared  from  dye  solution  of  acetonitrile  at  concentration  10  '^ 
M.  Spinning  velocity  is  3000  rpm. 


FIGURE  2.  AFM  image  of  PIC  2d  J-aggregates  film,  for  which  the  opti¬ 
cal  spectrum  shows  the  sharp  J-peak, 
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The  films  of  PIC  2b-d  J-aggregates  are  stable  at  room  temperature 
for  more  than  one  month,  while  the  stability  of  PIC  la  J-aggregates  is 
higher  than  1-2  days.  With  increasing  the  humidity  of  the  air  the  J-peak 
of  these  films  grows.  This  may  be  explained  by  enhancement  of  the  hy¬ 
drophobic  properties  of  the  amphyphilic  dye  with  growing  length  of  the 
N-alkyl  substituents. 

The  thin  film  with  the  J-aggregate  peak  of  the  2d  dye  was  investi¬ 
gated  by  means  of  atomic  force  microscopy  ( AFM)  to  obtain  the  image  of 
the  dye  film  surface  on  the  glass  plate  (Figure  2).  Here  the  aggregated 
dye  molecules  represent  a  view  of  chaotically  located  cigar-like  struc¬ 
tures.  Their  average  size  is  80-110  nm  in  length,  40-60  nm  in  width  and 
about  6-12  nm  in  height.  This  structure  differs  from  the  thread-like  ag¬ 
gregates,  which  have  been  observed  by  near  field  microscopy  [14],  The 
cigar-like  structure  may  result  from  the  adhesion  of  thread-like  micelles 
leading  to  multilayer  ribbon  micelles.  Such  process  is  known  for  paired 
cationic  N-alkyl  surfactant  [15]. 


Wavelength  (nm) 

FIGURE  3.  Refractive  index  Uo  and  absorption  coefficient  k  of  the  film  of 
PIC  2d  J-aggregates  on  silica  substrate.  The  film  thickness  isl6  nm. 

The  film  thickness  and  the  frequency  dispersions  of  the  refractive  in¬ 
dex  (no)  and  the  absorption  coefficient  (k)  were  determined  by  spectral 
ellipsometry  [16]  for  the  J-aggregated  films  of  PIC  2b-d.  The  optical 
constants  of  the  thin  films  were  measured  with  an  accuracy  +  0.01  for  no 
and  k  and  +0.5  nm  for  the  thickness. 

Figure  3a,b  shows  the  dispersion  curves  of  the  refractive  index  and 
the  absorption  coefficient  of  the  PIC  2d  J-aggregated  film.  Similar  be¬ 
haviours  were  observed  for  the  films  with  other  substituent  lengths  One 
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observ  es  the  normal  dispersion  of  no  within  the  long  wave  spectral  region 
of  film  transparency,  and  the  anomalous  dispersion  of  rto  within  the  re¬ 
gion  of  dye  absorption  (500-570  nm),  with  no  value  2.7  at  the  maximum 
of  the  J-peak.  The  absorption  coefficient  k  at  585  nm,  corresponding  to 
the  J-peak  maximum,  has  value  ao  =  4itk/A  »  2.4  iO^  cm*'. 

Dispersion  of  the  nonlinear  susceptibility  of  J-aggregates  in  thin  films 
The  nonlinear  absorption  spectrum  of  PIC  2b-d  J-aggregate  films  was 
measured  by  the  Z-scan  technique  [10,17],  The  measurements  were  car¬ 
ried  out  with  a  pulsed  dye  laser  (x  w  5  ns)  at  room  temperature  and  hu¬ 
midity  (approximately  60%). 

Figure  4  (diamonds)  shows  the  typical  experimental  dispersion  curve 
of  the  nonlinear  susceptibility  Imx^^^(X).  There  is  dynamical  bleaching 
and  the  maximal  value  of  =  -1.3  10'^  esu  is  coinciding  with  the  J- 
peak  position  with  1  nm  accuracy.  Nonlinear  spectrum  is  asymmetrical 
and  apart  from  the  bleaching  band  also  shows  a  darkening  peak  that  is 
red-shifted  by  4-5  nm  from  the  J-peak.  The  wavelength  of  the  bleaching 
maximum  was  found  to  move  to  the  blue  side  by  2.0  nm  when  the  inten¬ 
sity  increases  from  0,6  to  3  MW/cm^,  At  the  same  time,  nonlinear  dark¬ 
ening  grows  by  30  -  40  %. 


FIGURE  4.  Dispersion  of  the  imaginary  part  of  the  third-order  suscepti¬ 
bility  for  the  film  of  PIC  2d  J-aggregates.  Diamonds  are  the  experimental 
data.  The  solid  line  is  the  fit  based  on  the  four-level  model. 

The  standard  free  exciton  model  of  aggregates  without  exciton- 
exciton  interaction  cannot  explain  the  observed  nonlinear  spectrum  fea¬ 
tures,  such  as  the  red-shifted  nonlinear  darkening.  We  have  chosen  to 
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analyze  the  nonlinear  absorption  by  using  the  effective  four-level  model 
of  exciton  transitions  proposed  in  Ref  [10],  The  nonlinear  bleaching  is 
caused  by  the  absorption  saturation  of  the  transition  from  the  ground  to 
the  one-exciton  state.  The  population  relaxes  either  to  the  ground  state  or 
to  a  lower-lying  excitonic  state.  Now,  nonlinear  induced  absorption  re¬ 
sults  from  the  transition  of  the  lower  lying  state  to  a  higher  (fourth)  one. 
Evidence  for  the  existence  of  a  lower  lying  excitonic  state  was  deduced 
from  the  observation  of  a  red  emission  near  630  nm  upon  excitation  of 
the  films  by  yellow  or  green  light.  As  was  shown  in  Ref  [18],  PIC 
monomers  do  not  phosphoresce,  but  the  luminescence  at  640-660  nm  is 
due  to  phosphorescence  of  aggregates  at  4.2  K. 

Based  on  the  four-level  model  and  solution  of  equations  for  density 
matrix  in  steady-state  condition  we  obtain  the  expressions  for  Imx^'^^  and 
Rex^^^  [10].  The  fitting  curve  of  Imx^^^X)  corresponding  to  this  model 
(Figure  4,  solid  line)  shows  good  agreement  with  the  experimental  data. 
According  to  the  fitting  results,  the  width  of  the  nonlinear  bleaching  line 
for  J-aggregates  of  PIC  with  substituents  2c,d  turns  out  to  be  narrower  by 
10  -  15%  than  predicted  by  the  model  of  saturation  of  a  transition  with 
homogeneous  broadening.  This  fitting  has  allowed  to  determine  the  fea¬ 
tures  of  x^^^(X.),  i.e.  its  maxima  position  and  widths.  The  nature  of  nonlin¬ 
ear  darkening  remains  open.  Free  excitons  in  J  aggregates  give  rise  to  a 
blue-shifted  induced  absorption  [19].  A  red-shifted  induced  absorption  in 
J  aggregates  may  in  principle  result  from  exciton-exciton  interactions, 
provided  they  are  rather  strong  [20].  In  that  sense  the  exciton-exciton  in¬ 
teractions  are  one  of  the  probable  explanations  of  the  observed  phenome¬ 
non. 


CONCLUSION 

The  current  research  shows  the  possibility  to  obtain  spin-coated  stable 
thin  solid  films  of  J-aggregates  of  pseudo-isocyanine  dyes  with  long  alkyl 
substituents  (PIC  2b-d),  with  film  thickness  15-30  nm.  Dispersions  of  the 
refractive  index  and  absorption  coefficient  for  these  films  were  measured. 
The  Uo  value  at  the  J-peak  maximum  is  2.7.  The  magnitude  and  disper¬ 
sion  of  the  imaginary  part  of  the  optical  cubic  susceptibility  were  meas¬ 
ured.  The  maximal  value  of  Imx^^^  is  about  -10'^  esu.  The  observed  dis¬ 
persion  curve  is  in  agreement  with  a  four-level  model  of  exciton  transi¬ 
tions  in  the  aggregate. 
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Picosecond  Optical  Limiting  Action  through  a  Thin  MMA- 
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Non-resonant  optical  transmission  near  the  critical  angle  of  incidence,  through  a  thin 
nonlinear  copolymer  layer  surrounded  by  two  linear  glass  slabs,  is  studied 
experimentally  in  the  picosecond  range.  The  thin  spin-coated  film  is  made  up  from 
MMA  polymer  reticulated  by  a  new  octupolar  molecule  displaying  off-resonant  third 
order  susceptibility.  The  transmittance  of  the  layer  is  switched  by  more  than  40%  with 
microjoule  pulses,  from  a  high  transmission  state  to  a  weak  transmission  state  when 
increasing  the  input  intensity.  The  switching  behavior  is  completely  reversible  and 
exhibits  long-term  stability. 


Keywords  thin  Kerr  film:  octupole;  polymer;  picosecond  switching;  critical  incidence 


INTRODUCTION 

Intensity-dependent  transmission  near  the  total  reflection  state,  through  a 
thin  nonlinear  Kerr  film  surrounded  by  two  linear  slabs,  has  been 
introduced  as  a  tool  for  ultrafast  switching  and  optical  limitation.  As 
shown  in  the  relevant  theoretical  studies^ the  main  advantages  of  this 
nonlinear  sandwich,  when  compared  to  the  single  nonlinear  interface 
case^'^^,  are  the  lower  switching  energy  and  the  transverse  stability  of  the 
transmitted  beam.  The  previous  experimental  works^*  '"^^  dealt  with 
nonlinear  refraction  induced  by  absorption  and  thermal  effects  in  the 
sandwich,  i.e.  in  a  rather  slow  diffusive  regime.  The  present  study 
focuses  on  non-resonant  transmission  in  the  picosecond  range  through  a 
thin  film  made  up  from  a  new  MMA-octupole  copolymer. 


•  Work  conducted  during  the  author’s  stay  at  Laboratoire  d'Optique  P.M.  Duffieux 
t  Corresponding  author  -  e-mail  address.  herve.maillottetSuniv-fcomte  fr 
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removed  under  reduced  pressure.  The  obtained  crude  orange  solid  was 
dissolved  in  50  ml  of  CH2CI2  and  washed  three  times  with  50  ml  of 
water.  The  organic  layer  was  dried  on  anhydrous  Na2S04  and  solvent 
was  removed  under  reduced  pressure.  The  resulting  solid  was  washed 
quickly  with  100ml  of  anhydrous  ether  and  two  times  with  100ml  of 
anhydrous  acetone  to  give  2,2g  of  the  pure  copolymer  (Yield  :  90%). 
and  C  NMR  data  are  in  perfect  agreement  with  the  chemical  structure 
proposed  in  Figure  2. 


FIGURE  2  Structure  of  the  copolymer(MMA-octupole) 


wavelength  (nm) 

FIGURE  3  Absorption  spectrum  of  the  thin  film 


A  CH2CI2  solution  of  the  copolymer  was  used  to  make  a  spin-coated 
layer  of  5  pm  thickness  on  the  first  optical  glass  slab  (refractive  index  n’ 
=  1.501).  The  layer  was  then  heated  at  80°C  for  about  two  hours.  After 
cooling,  the  second  glass  slab  was  carefully  squeezed  on  the  free  face  of 
the  copolymer  layer  using  a  Teflon  screw  to  eliminate  the  air  gap. 
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PRINCIPLE 

We  consider  an  optical  thin  film  whose  thickness  is  about  a  few 
wavelengths,  sandwiched  between  two  identical  linear  glass  slabs.  The 
refractive  index  of  the  film  varies  according  to  the  optical  Kerr  law  n  =  no 
+  n2l,  with  no  the  linear  index,  n2  the  Kerr  coefficient  and  I  the  intensity. 
The  linear  slabs  have  a  refractive  index  n’  slightly  higher  than  no. 

Figure  1  illustrates  the  principle  of  the  experiment.  At  low  intensity, 
the  incident  beam  is  adjusted  either  slightly  higher  than  the  critical  angle 
of  incidence  0c  (positive  n2  case,  total  internal  reflection  occurs  but  there 
is  low  transmission  due  to  optical  tunneling  effect)  or  slightly  lower  than 
9c  (negative  02  case,  high  transmission).  By  increasing  the  incident 
intensity  I,  the  value  of  0c  ="  sin*' [(no  +  n2l)  /  n’)]  changes.  If  n2  is 
positive,  0c  can  be  increased  beyond  the  incident  angle.  Therefore,  from  a 
threshold  intensity,  the  layer  switches  from  a  weak  transmission  state  (0) 
to  a  high  state  (1).  On  the  contrary,  if  02  is  negative,  the  transmittance  of 
the  layer  decreases  gradually  from  a  relatively  high  state  (1)  to  a  low 
state  (0)  as  0c  shifts  towards  the  total  internal  reflection  state. 


FIGURE  1  Non-resonant  optical  transmission  through  a  nonlinear  Kerr  sandwich  near 
the  critical  angle  of  incidence. 

EXPERIMENTS  AND  RESULTS 
Synthesis  of  the  CopolvmerfMMA-Octupolel 

The  octupolar  monomer  2,4,6-tris(5'-thioallyl-2,2'-dithienyl)- 1,3,5- 
triazine  was  synthesized  via  a  triple  aromatic  nucleophilic  substitution  of 
dithienyl  derivatives  on  cyanuric  chloride^^l  Then,  the  new  MMA- 
octupole  copolymer  was  synthesized  with  quantitative  yield  by 
copolymerization  of  the  allyl  monomer  with  methyl  methacrylate:  Ig, 
l.Smmol  of  the  monomer  was  dissolved  in  100  ml  of  toluene.  Methyl 
methacrylate  (1.5g,  15mmol)  was  added  to  it  once.  This  mixture  was 
heated  at  100°C  during  five  hours  with  catalytic  account  of  AIBN  as 
radical  initiator.  After  cooling  at  room  temperature,  the  solvent  was 
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The  linear  refractive  index  of  the  copolymer,  measured  by  an  optical 
refractometer,  is  no  =  1.477  at  A,o  =  1064  nm. 

Figure  3  shows  the  absorption  spectrum  of  the  film.  A  single  linear 
absorption  band  centered  near  375  nm  is  displayed.  We  noticed  that  there 
was  negligible  shift  of  the  absorption  peak  wavelength  of  the  allyl 
octupolar  monomer^^^  after  its  copolymerization  with  MMA. 

Experimental  Set-up 


FIGURE  4  Experimental  setup.  Laser:  pulsed  Nd:YAG;  V2:  half-wave  plate;  P; 
polarizer;  L:  converging  lens;  B.S:  beam  splitter;  M:  mirror;  S:  nonlinear  Ken- 
sandwich;  Ph:  photodiode;  k:  reference  intensity;  I,:  transmitted  intensity. 

The  experimental  set-up  is  shown  in  Figure  4.  The  experiments  were 
performed  with  a  Q-switched  mode-locked  Nd:YAG  laser,  operating  at 
A.0  =  1064  nm  with  a  repetition  rate  of  10  Hz.  An  electro-optic  shutter 
ensured  selection  of  a  single  nearly  Gaussian  pulse  of  50  ps  duration 
from  the  mode-locked  pulse  train.  The  TEMoo  beam  was  linearly 
polarized  and  its  energy  was  adjusted  by  means  of  a  half-wave  plate  and 
a  Gian  polarizer.  Then  the  beam  was  focused  onto  the  nonlinear  thin  film 
by  lens  L  (focal  distance  400  mm).  The  measured  waist  radius  was  about 
40  pm  and  the  incidence  angle  was  adjusted  at  79.6°,  slightly  lower  than 
the  measured  critical  angle  of  incidence  at  low  intensity  0c  =  79.74°. 
Before  the  nonlinear  sandwich,  a  reference  pulse  (1^)  was  taken  from  the 
incident  pulse  with  a  beam  splitter.  Both  the  reference  and  the  pulse  (1,) 
transmitted  through  the  nonlinear  sandwich  impinged  a  fast  photodiode 
connected  to  a  350  MHz  analog  oscilloscope.  The  time  delay  between  the 
transmitted  and  reference  pulses  was  adjusted  so  that  both  signals  were 
clearly  separated  and  appeared  simultaneously  on  the  screen  of  the 
oscilloscope.  The  reference  intensity  was  adjusted  so  that  1^  <  h  at  low 
incident  intensity. 

Results 

Starting  from  the  linear  regime,  the  incident  intensity  was  gradually 
increased  and  the  relative  peak  values  of  the  transmitted  and  the 
reference  pulses  were  recorded. 
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Figure  5  shows  the  optical  limiting  behavior  of  the  nonlinear 
sandwich,  yielding  a  large  diminution  of  the  ratio  I,/Ir  when  incident 
intensity  increased.  Either  one-shot  or  cumulative  measurements  were 
carried  out  to  check  the  reversibility  and  the  stability  of  the  results 
against  successive  increases  and  decreases  of  the  incident  intensity.  No 
hysteresis  cycle  was  observed  and  we  found  that  the  optical  limiting 
behavior  exhibited  complete  reversibility  and  long-term  stability,  without 
parasitic  slow  effects  due  to  pulse  accumulation,  such  as  thermal  effects, 
photo-isomerization  or  photobleaching. 


FIGURE  5  Evolution  of  I,  and  f  when  increasing  the  incident  intensity  ( 1 0  ns/div). 

Figure  6  presents  the  normalized  transmittance  of  the  sandwich  versus 
the  incident  intensity.  The  experimental  data  (  +  )  represent  the 
intensity  ratio  of  the  transmitted  pulse  to  the  incident  one  on  a  single 
laser  shot.  When  increasing  the  input  intensity  by  nearly  1  GW/cm^,  the 
transmittance  of  the  layer  is  decreased  by  more  than  40%.  The 
corresponding  incident  pulse  energy  increases  from  4  pj  to  6.5  pJ. 


FIGURE  6  Normalized  transmittance  of  the  nonlinear  sandwich  versus  the  incident 
intensity.  Crosses  (+):  experimental  data.  Open  circles  (o);  theoretical  values  obtained 
from  a  plane-wave  model  by  fitting  the  measurements  with  n2  =  -7.8.10'’^  mVW  and  the 
other  parameters  listed  in  the  text. 

Starting  from  a  plane-wave  model,  we  fitted  the  experimental  data 
using  the  experimental  parameters  listed  above  and  the  usual  Fresnel 
relations  giving  the  optical  transmittance  of  a  thin  film^*^. 
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Though  a  focused  Gaussian  beam  was  used  in  the  experiments,  the 
plane-wave  model  has  been  shown  to  satisfactorily  describe  the  behavior 
of  a  nonlinear  Kerr  sandwich  in  the  case  of  negative  ni’s  when  incident 
Gaussian  beam  diameters  higher  than  several  wavelength  are 
considered*^’. 

The  Kerr  coefficient  n2  of  the  thin  film  was  thus  determined  by 
minimizing  the  difference  between  the  measured  and  the  theoretical 
transmittance  curves  using  a  least-square  method.  The  negative  value  of 
n2  was  found  to  be  about  -7.5.10'’^  m^/W,  i.e.  -20  times  that  of  CS2.This 
estimation  is  in  rough  agreement  with  extrapolated  values  deduced  from 
additional  picosecond  Z-scan  measurements  that  we  realized  on  the 
MMA-octupole  copolymer  in  toluene  solutions. 

CONCLUSION 

We  have  experimentally  studied  the  non-resonant  nonlinear  transmittance 
near  the  critical  angle  of  incidence  of  a  thin  film,  made  up  from  a  new 
MMA-octupole  copolymer,  and  surrounded  by  two  linear  glass  slabs.  In 
the  single-shot  picosecond  regime,  the  experiments  show  that  the 
transmittance  decreases  by  more  than  40%  when  increasing  the  incident 
intensity  by  nearly  1  GW/cm^.  This  all-optical  limiting  action  was  found 
to  be  completely  reversible  and  to  exhibit  long-term  stability.  The 
behavior  of  the  nonlinear  sandwich  was  in  good  agreement  with  a 
classical  plane-wave  model,  from  which  a  strong  off-resonant  negative  n2 
value  of  the  MMA-octupole  copolymer  was  found.  We  believe  that  this 
new  stable  polymer  can  be  promising  for  nonlinear  optical  applications. 
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We  present  experimental  data  for  the  irradiance  dependence  of  the 
optical  nonlinearity  of  a  suspension  of  vanadyl-phthalocyanine  nano¬ 
crystals  in  cyclohexane  at  different  wavelengths  across  resonance.  The 
refractive  and  absorptive  contributions  to  the  nonlinearity  were  resolved 
using  the  z-scan  technique  with  a  tunable  picosecond  laser  source.  A 
three-level  model  is  used  to  describe  the  observed  dependence  of  the 
nonlinearity  with  irradiance,  which  is  considered  as  arising  solely  from 
excited-state  absorption.  A  fit  to  the  experimental  data  is  made, 
allowing  the  extraction  of  molecular  parameters  which  are  of  interest 
for  a  full  characterisation  of  the  nonlinearity. 

Keywords:  Excited-state  absorption,  nano-crystals,  saturation 
INTRODUCTION 


The  optical  noniinearities  of  organic  materials  have  been  studied 
extensively,  due  to,  among  other  things,  their  potential  use  in  optical 
information  processing  devices.  The  manipulation  of  molecular 
structure  and  aggregation  state  in  an  almost  infinite  fashion,  gives  scope 
to  the  optimization  of  the  nonlinear  response  for  the  intended 
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applications.  The  desired  characteristics  are:  a  reasonably  large 
nonlinearity,  small  linear  and  nonlinear  absorption,  an  ultrafast 
response,  along  with  others  such  as  processability,  durability,  etc. 
Recently,  a  systematic  study  of  the  spectral  dependence  of  nonlinear 
refraction  and  nonlinear  absorption  has  been  carried  out  on  different 
materials  in  nano-crystalline  form  in  the  on-  and  near-resonance  regime 
(11  using  the  z-scan  technique.  By  using  materials  in  nano-crystalline 
form,  some  of  the  issues  of  material  processability  and  control  of 
aggregation  state  were  addressed.  These  studies  allowed  the 
identification  of  spectral  ranges  where  the  nonlinearity  is  dominantly 
refractive,  and  therefore  free  of  nonlinear  absorption  effects  which  are 
in  general  deleterious  for  the  proposed  applications. 

Independently  of  the  experimental  technique  employed, 
resonant  interactions  usually  show  a  nonlinear  response  that  is  not 
purely  of  third-order,  and  the  contribution  of  higher  order  terms,  or 
some  non-perlurbative  nonlinearity,  needs  to  be  considered.  In  either 
case,  a  study  of  the  irradiance  dependence  of  the  nonlinear  response 
becomes  imperative  to  determine  the  proper  figures  of  merit.  A 
particularly  important  effect  is  the  saturation  of  refractive  index  change, 
which  can  hinder  attaining  a  sufficiently  large  phase  change  needed  to 
perform  switching  operations  [3]. 

In  this  paper  we  present  experimental  results  for  the  nonlinear 
response  of  a  vanadyl-phthalocyanine  nano-crystal  aqueous  .su.spension 
at  different  wavelengths  across  resonance  using  the  z-scan  technique 
with  a  tunable  picosecond  laser  source.  The  z-sean  technique  allowed 
the  simultaneous  determination  of  the  refractive  and  absorptive 
contributions  to  the  nonlinearity.  We  also  present  a  .study  of  the 
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irradiance  dependence  of  the  z-scan  results  at  two  different  wavelengths 
where  saturable  and  reverse  saturable  absorption  are  observed.  A  three- 
level  model  for  the  nonlinear  response  of  the  nano-crystals  is  used  to 
explain  the  observed  irradiance  dependence  of  the  nonlinear  signals, 
which  is  explained  in  terms  of  excited  state  absorption. 


Figure  1.  Irradiance  dependence  of  z-scan  results  at  580  nm.  The 
points  are  the  experimental  data,  and  the  full  lines  the  best  fits 
obtained  using  the  three-level  model  for  the  nonlinearity. 

EXPERIMENTAL  Z-SCAN  RESULTS. 

The  sample  studied  was  a  cyclohexane  suspension  of  tetrakis(thiohexyl) 
vanadyl-phthalocyanine  VOPc(C6S)4  nano-crystals,  which  have  on 
average  a  40  nm  diameter  at  a  0.2  mM  concentration.  The  technique 
used  to  produce  these  nano-crystals  has  been  described  elsewhere  [4]. 
The  z-scan  experiments  were  carried  using  10  ps  pulses  from  a  tunable 
laser  source  based  on  an  optical  parametric  generator  pumped  by  the 
third  harmonic  of  a  mode-locked  Nd:YAG  laser.  Figure  1  shows  the 
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experimental  z-scan  results  obtained  for  the  VOPc  nano-crystals  as  a 
function  of  irradiance  for  A.=580  nm.  For  the  open  aperture  z-scan.  the 
mea.sured  value,  which  is  the  difference  between  the  peak 

transmittance  Tp  found  at  the  focal  plane  and  the  linear  transmittance 
measured  far  away  from  focus  (normalized  to  1),  is  shown.  For  the 
closed  aperture  z-scan  we  plot  ATp.y,  the  difference  between  the 
normalized  peak  and  valley  transmittance:  Tp-T,.  At  this  wavelength, 
Tp-l<0.  indicating  that  induced  absorption  is  pre.sent.  Figure  2  shows 
the  results  at  633  nm,  where  saturable  absorption  is  now  present.  For 
both  wavelengths  the  nonlinear  refraction  contribution  remains  positive 
[2],  From  the  figures  is  clear  that  a  saturation  effect  is  present,  i.e.  the 
transmittance  changes  do  not  grow  linearly  with  irradiance.  as  it  would 
be  expected  for  a  purely  third-order  nonlinearity  [5]. 


THREE-LEVEL  MODEL. 

In  order  to  explain  the  ob.served  irradiance  dependence,  a  microscopic 
model  for  the  response  of  the  material  is  needed.  A  three-level  model 
has  been  successfully  used  to  describe  the  spectral  dependence  of  the 
nonlinearity  of  polydiacelylene  nano-crystals  [  1  ].  and  since  this  model 
results  in  a  non-perlurbative  expression  for  the  susceptibility,  it  can  be 
used  to  describe  the  irradiance  dependence  of  the  response.  According 
to  this  model,  the  real  and  imaginary  components  of  the  effective 
susceptibility  given  by; 

CO  [3/? -O',, a,,  +  2^3,0,,  J 


and, 
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=  — ««x 

(O 

p[{CT,,W,2  +Q'23^2i)^272  + 

3p'G,,a,,  +  +2W,2(T„]  +  W,,W3, 


(2) 


where  p-I Ifico  is  the  photon  flux,  W„=//Ty  are  the  transition  rates, 
Aji=0>0}j,,  the  detuning  factors,  and  Gjj  the  absorption  cross-sections  for 
the  j~>  i  transitions,  No  is  the  number  density,  and  a()=No<7i2.  This 
complex  susceptibility  can  be  used  to  calculate  the  irradiance-dependent 
absorption  coefficient  a(l),  and  the  nonlinear  refractive  index  change 
Aji(I).  which  are  then  used  to  calculate  the  z-scan  traces  [6]. 


Figure  2.  Irradiance  dependence  of  z-scan  results  at  633  nm.  The 
points  are  the  experimental  data,  and  the  full  lines  the  best  fits 
obtained  using  the  three-level  model  for  the  nonlinearity. 

Figures  1  and  2  show  the  fits  to  the  experimental  data  obtained 
using  this  model.  As  it  can  be  seen  from  the  figures,  the  model  worked 
well  for  the  different  wavelengths  studied.  Some  of  the  parameters. 
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namely  A21,  A2.i,  T2,  T^,  and  Ofj,  are  extracted  from  the  linear  absorption 
spectrum.  The  fits  to  the  irradiance  dependence  of  the  z-scan  data  yields 
the  values  of  the  ratios  cT/p/cr^?,  T21/T32,  and  the  saturation  irradiance  A  at 
the  two  wavelengths  studied,  which  are  given  in  table  I. 


An.xW'^ 

[Hz] 

A23/A12 

UGW/cm-j 

CT?2/CT2; 

580 

0.39 

4.48 

0.75 

2.0±0. 1 

<0.002 

633 

0.12 

12.5 

0.59 

0.35±0.05 

<0.002 

Table  I .  Parameters  extracted  from  the  fits  to  experimental  data 
using  the  three-level  model  described  in  the  text. 

The  parameters  thus  extracted,  will  allow  the  evaluation  of  the 
different  figures  of  merit  that  assess  the  performance  of  the  material  in 
all-optical  switching  devices. 
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The  measure  of  the  third  order  nonlinear  susceptibility  of  the  novel 
polycarbazolydiacetylene  polyDCHD-HS  is  described.  The 
experiments  were  performed  at  ?i  =  1064  nm  and  in  the  ps  time 
regime,  by  using  Surface  Plasmon  Spectroscopy.  They  gave  a  value 
of  =  -4.4x10*’^  (m/V)'  for  the  real  part,  while  the  imaginary  part 
was  below  10’^^  (m/V)^ . 


Keywords:  Polymer  Films,  Surface  Plasmon  Spectroscopy 


I.  INTRODUCTION 

Polydiacetylenes  (PDAs)  exhibit  one  of  the  largest  available  off- 
resonance  values  of  x^^^  These  polymers  can  be  synthesized  from 
monomers  with  special  substituents.  In  particular,  the  synthesis  of 
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novel  carbazolyidi acetylene  monomers  has  opened  a  way  to  the 
preparation  of  soluble  PDAs  that,  in  powder  form,  arrange  in  two- 
dimensional  highly  ordered  supramolecular  assemblies.  Such 
organization  was  detected  by  powder  X-ray  diffraction  for  at  least 
one  of  these  polymers,  the  polyDCHD-HS  (which  is  a 
polycarbazolydiacetylene  having  long  alkyl  groups  on  the 
carbazolyl  substituents  to  the  backbone),  and  found  to  consist  of 
polydiacetylenic  columns  in  a  hexagonal  array  [1],  Moreover,  the 
absorption  spectra  of  solutions  of  polyDCHD-HS  in  benzene  show 
an  excitonic  peak  around  540  nm  which  has  an  intensity  and  a 
sharpness  never  observed  before  in  solutions  of  PDAs  and  typical  of 
PDA  single  crystals.  These  results  suggest  a  certain  degree  of  order 
also  in  spun  films  and  a  consequently  large  x^'  \  thus  stimulating  our 
research  on  the  linear  and  nonlinear  properties  in  polyDCHD-HS 
spun  films. 


II.  NONLINEAR  TESTS  ON  ULTRATHIN  PDCHD-HS  FILMS 
The  synthesis  of  the  monomer  DCHD-HS  is  reported  in  ref  1 . 


'n  - 

CH, 


,c-  c^c— 


CH, 


H3C(CHJ, 


1'..  'U- 


(CH-),xa 


FIGURE  1  Chemical  structure  of  polyDCHD-HS 
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Its  thermal  solid  state  polymerization  was  performed  at  85"  C  (m.p. 
95"  C  )  and  the  chemical  structure  of  polyDCHD-HS  is  reported  in 
Fig.  1.  Several  films  of  polyDCHD-HS  with  thickness  ranging 
between  9  nm  and  3  .6  pm  were  spun  on  soda  lime  microscope  slides. 
Their  characterization  as  optical  waveguides  and  preliminary 
photobleaching  tests  to  obtain  film  patterning  are  described 
elsewhere  [2,  3].The  Kerr  nonlinearity  of  thinner  films  was 
investigated  by  Surface  Plasmon  Spectroscopy  (SPS).  It  is  well 
known  that  the  excitation  of  a  surface  electromagnetic  wave  at  the 
interface  between  a  metal  and  a  dielectric  is  an  angular-dependent 
phenomenon,  that  exhibits  a  sharp  minimum  of  the  reflected  light 
(resolution  a  0.01°  or  even  better),  so  that  even  a  weak  variation  of 
the  optical  properties  of  the  media  forming  the  interface  can  be 
detected  with  extreme  sensitivity.  For  this  reason,  SPS  has  been 
extensively  used  to  measure  the  thickness  and  the  complex  dielectric 
constant  of  ultrathin  layers.  On  the  contrary,  to  our  knowledge,  only 
few  SPS  tests  have  been  performed  to  monitor  Kerr  nonlinearities, 
that  produce  intensity  dependent  refractive  index  changes  in  thin 
films  [4].  The  need  of  TM  polarized  light  and  the  fact  that  the  film 
under  investigation  must  be  deposited  on  a  metal  layer,  typically 
silver,  represent  non  negligible  limitations  of  the  technique. 
However,  these  drawbacks  are  largely  balanced  by  the  insensitivity 
to  film  inhomogeneities  and  propagation  losses  and  by  the  possibility 
of  monitoring  the  nonlinearity  of  ultrathin  layers  of  material,  thus 
helping  to  get  an  insight  into  the  film  structure  and  the  origin  of  its 
nonlinearity. 

The  nonlinear  SPS  experiments  were  performed  on  a  set  of  very 
thin  (9^50  nm)  films  of  polyDCHD-HS  which  were  deposited  on  a 


388 


S.  SOTTINI  et  a!. 


silver  layer  by  spinning  from  dilute  toluene  solutions  (4^8  g/1).  The 
silver  films  (30-r60  nm-thick)  were  obtained  by  electron  gun  assisted 
evaporation  on  glass  microscope  slides.  The  resulting 
glass/metal/polymer  samples  were  coupled  to  the  hypotenuse  of  a 
45°  total  internal  reflection  BK7  prism,  thus  achieving  a 
Kretschmann  configuration  [5],  The  Kretschmann  prism  including 
the  sample  was  mounted  on  a  remotely  controlled  high  precision 
rotating  stage.  The  ^p-polarized  light  from  a  Nd-YAG  mode  locked 
laser  {X  =  1064  nm,  27  ps  FWHM  pulses  with  10  Hz  repetition  rate) 
was  focussed  on  the  prism  hypotenuse  by  a  converging  lens  and  the 
incident  energy  was  varied  by  acting  directly  on  the  amplification 
factor  of  the  laser. 

Before  the  spin  coating  of  the  polymer  film,  the  thickness  and 
complex  dielectric  constant  of  the  silver  layer  were  measured  by  SPS 
at  low  and  high  intensities:  these  parameters  are  successively 
required  by  the  best  fit  procedure  to  extract  the  linear  and  nonlinear 
parameters  of  the  polymer  film.  At  the  same  time,  these 
measurements  allowed  to  check  the  behaviour  of  silver  within  the 
irradiation  regime  used  in  the  experiments.  In  fact,  though  a 
significant  thermal  absorption  of  the  polymer  film  can  be  avoided  by 
using  few  short  laser  pulses  and  low  repetition  rates,  a  fast 
absorption  of  the  laser  light  inside  the  silver  layer  with  consequent 
increase  of  the  temperature  at  the  metal/polymer  interface  cannot  be 
excluded  and  deserves  a  careful  investigation.  Indeed,  we  observed 
some  evidence  of  the  heating  of  the  silver  films.  This  effect  was 
measured  and  taken  into  account  in  the  best  fit  procedures  by 
introducing  an  intensity  dependent  dielectric  constant  of  silver.  As  a 
matter  of  fact,  the  temperature  increase  at  the  silver/polymer 
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interface  was  considered  also  in  ref  4  with  encouraging  conclusions; 
no  evidence  of  a  significant  thermal  contribution  to  the  polymer 
nonlinearity  was  detected.  Also  in  our  tests,  though  an  exhaustive 
analysis  is  still  in  progress,  the  silver  heating  seemed  quite 
uncorrelated  to  the  behaviour  of  the  polymer  non  linear  index. 


angle 


FIGURE  2  Reflectivity  versus  coupling  angle  for  a  46.7  nm-thick 
PDCHD'HS  film  deposited  on  a  30.8  nm-thick  silver 
layer  at  surface  plasmon  intensities  of  0.086,  0.13,  0.32 
and  0.55  GW/cm^  (increasing  in  downward  direction). 
Dots  and  continuous  lines  represent  experimental  points 
and  best  fit  curves,  respectively. 

After  the  polymer  film  deposition,  SPS  measurements  were 
performed  with  different  pulse  energies  and  the  reflectivity  was 
registered  for  several  angles  of  incidence  around  its  minimum.  Fig. 2 
shows  a  typical  result:  the  theoretical  curves  which  are  characterized 
by  a  decreasing  minimum  as  the  pulse  energy  increases,  fit  very  well 
the  reflectivity  measurements.  From  the  best  fit  parameters,  in 
particular  from  the  angular  shift  of  the  reflectivity  dips,  the  refractive 


390 


S.  SOTTINI  et  al. 


component  of  the  material  could  be  evaluated  by  assuming  a 
Kerr  behaviour.  In  the  case  of  Fig. 2,  a  real  and  negative  x^^' 
1.2x10'’^  m’/V"  was  found.  Concerning  its  imaginar>'  part,  we  could 
only  give  the  upper  limit  of  10'*^  m^/V‘. 

Similar  results  were  obtained  in  the  same  intensity  regime  with 
other  samples,  having  thickness  between  9  and  15  nm.  For  each 
sample,  the  corresponding  x^^^  values  were  measured  in  different 
film  areas  and  varied  between  -4.7  and  -1  xl0‘'^  m^'V“  with  a  30% 
experimental  error.  It  was  also  verified  that  the  sample  behaviour 
was  perfectly  reversible  within  the  adopted  intensity  range:  on  this 
basis,  any  material  damage  during  the  experiments  could  be 
excluded. 


III.  CONCLUSIONS 

The  third  order  nonlinearity  of  polyDCHD-HS  films  was  measured 
2lX  X  =  1064  nm  and  gave  a  very  large  value;  its  real  part  was 
significantly  larger  than  that  of  PTS  at  the  same  wavelength,  though 
our  tests  are  not  yet  conclusive,  particularly  for  what  concerns 
possible  thermal  contributions  and  the  presence  of  higher  order 
nonlinear  terms.  In  case  further  investigations  of  polyDCHD-HS 
films  at  1300  and  1550  nm  confirm  these  results,  such  films  could  be 
promising  candidates  for  applications  to  all  optical  signal  processing 
devices 
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The  maturing  of  electrooptic  polymer  based  Mach-Zehnder  intensity 
modulators  qualifies  them  as  serious  contenders  for  telecom  applica¬ 
tions.  Their  manufacturing  is  now  at  the  quality  control  level  and 
several  outstanding  demonstrations  of  their  capacities  have  been  re¬ 
ported  (high  modulation  up  to  llOGHz  [1],  quenching  voltages  lower 
than  2V  [2],  polarization  insensitivity  [3]  and  long  term  stability  [4]). 
Nevertheless,  a  slow  drift  of  their  characteristics  has  been  observed. 

In  order  to  solve  this  problem,  we  report  an  electronic  system  that 
is  able  to  follow  the  evolutions  of  the  modulator  characteristics  so  as 
to  correct  the  slow  variations  of  the  operating  point.  This  approach 
will  further  enhance  the  reliability  of  this  type  of  devices. 


Keywords  Drift  correction;  Intensity  modulator;  Polymer 


INTRODUCTION 

Different  factors  may  modify  the  stability  of  electro-optic  polymer 
modulators.  Factors  which  may  induce  short  term  variations  of  the 
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modulation  amplitude  include  space  charge  fluctuations  upon  appli¬ 
cation  of  DC  electric  field  or  thermo-optic  effects  due  to  temperature 
variations  in  asymmetric  devices.  Long  term  effects  may  be  due  to 
the  relaxation  of  chromophore  orientation,  cracks  due  to  mechani¬ 
cal  aging  or  long  term  photo-degradation.  In  this  study  we  address 
the  problem  of  cancelling  fluctuations  of  the  modulation  efficiency 
in  polymer  Mach  Zehnder  modulators  through  the  application  of  an 
adequate  bias  correction  electric  field. 

Since  the  modulators  were  characterized  on  an  optical  bench  with¬ 
out  any  temperature  stabilization,  drift  of  their  modulation  charac¬ 
teristics  could  be  observed  as  a  shift  of  the  operating  point  and  can 
be  expressed  by  the  addition  of  a  static  phase  (ideally  null)  in  the 
modulated  intensity: 

-f  (1) 

is  the  dynamic  phase  amplitude  which  can  be  determined  by  the 
measurement  of  the  extinction  tension  and  /,  are  the  input 

and  the  output  light  signal  intensities  (defined  figure  1).  As  soon  as 
the  drift  occurs,  is  slowly  varying  compared  to  the  modulating 
rate  and  can  be  compensated  for  by  the  application  of  a  constant 
voltage.  Expressing  the  output  signal  as  a  sum  of  Fourier  harmonics, 
we  obtain: 

/,  =  ^{l  +  sin(<p’’') 

+  2  cos  (c^")  J2k^i  sin  [(2/.-  +  1)  Dt] 

A'=0 

+  OC  ^ 

+  2  sin  ((^")  Y  cos  [2/cQt]  [  (2) 

k~]  J 

where  J,,  are  the  first  kind  n-th  order  Bessel  functions.  A  signed 
correction  of  the  drift  phenomenon  can  be  obtained  measuring  the 
second  harmonic  of  the  optical  modulation  frequency  in  the  output 
intensity  (corresponding  to  A'  =  1  in  the  la.st  term  of  equation  2). 

We  therefore  designed  and  tested  a  system  able  to  generate  a  sig¬ 
nal  at  low  frequency  to  modulate  the  optical  signal  and  detect  the 
corresponding  second  harmonic  of  the  response  (explain  in  §1).  In 
§2,  we  will  show  that  this  system  can  be  made  independent  from  any 
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FIGURE  1:  Global  scheme  of  the  system.  4  and  U  are  the  input  and 
output  light  intensities  respectively.  VE{t)  is  the  command  voltage 
and  Vs{f)  the  output  voltage.  Vcorr[t)  is  the  bias  voltage. 


kind  of  information  coded  at  higher  frequencies  and  fed  simultane¬ 
ously  to  the  modulator  electrodes.  The  global  scheme  of  the  setup 
is  presented  in  figure  1. 


1.  EXPERIMENTAL  SETUP 

We  used  a  linearly  polarized  laser  diode  at  A  =  l.S/im  without  any 
temperature  nor  current  regulation  as  optical  source.  Electrooptic 
polymer  modulators  were  made  by  spin  coating  different  polymer 
layers  on  an  oxidized  silicon  wafer  with  photolithographically  pat¬ 
terned  gold  electrodes  [6].  Measured  dynamic  and  static  halfwave 
voltages  were  15V  and  5V  respectively.  The  device  was  butt  cou¬ 
pled  with  x20  microscope  objectives  and  alignement  stability  was 
ensured  by  piezo-electric  micro-positioners.  The  optical  signal  was 
detected  with  an  InGaAs  based  photodiode  (model  G3476-03  from 
Hamamatsu)  reversly  biased  under  15V  and  was  subsequently  am¬ 
plified  (x50).  To  avoid  any  evolution  of  the  source  characteristics, 
we  normalized  the  output  signal  of  the  photodiode  by  the  continu¬ 
ous  part  of  the  signal  (proportional  to  the  total  power  of  the  laser 
source).  The  global  system  presents  a  1.8MHz  bandpass  limited  by 
photodiode  electronics. 

The  first  experiment  consisted  in  adding  a  triangular  signal  at  low 
frequency  (arbitrarily  centered  at  520Hz)  to  the  bias  voltage.  The 
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FIGURE  2:  The  input  voltage  I',  is  first  filtered  by  a  selective 
amplifier  centered  a  twice  the  modulation  frequency  multi{)lexed  by 
a  DC  201  with  a  trigger  signal  produced  by  a  FPGA  (Xilinx  9536) 
and  then  integrated  in  order  to  build  the  correcting  signal  I  dorr' 

operating  point  is  obtained  when  the  amplitude  of  the  second  order 
term  of  tlie  0{)tical  signal  is  minimum.  A  lock-in  detection  is  therefore 
used  at  twice  the  modulation  frequency  to  yield  the  amplitude  of 
the  second  harmonic  distortion  whicli  is  then  amplified  and  mixed 
back  with  the  driving  voltage  as  a  correcting  bias  signal  (electrical 
feedback  represented  on  figure  2). 

All  amplification  stages  are  experimentally  determined  in  order  to 
minimize  the  number  of  iterations  and  the  time  constant  of  the  global 
correction.  Moreover,  the  bias  voltage  amplitude  is  wide  enough  to 
follow  a  shift  of  twice  the  extinction  voltage.  Taking  into  account 
the  speed  of  the  drift  phenomenon,  a  correction  time  constant  of  a 
millisecond  is  sufficient. 

In  order  to  characterize  the  performances  of  the  system,  we  mea¬ 
sured  the  amplitude  of  a  high  frequency  pure  harmonic  introduced 
in  the  system  as  data  signal  and  the  bias  voltage  produced  to  correct 
the  drift.  Drift  evolution  is  evidenced  in  figure  3,  in  first  minutes  of 
application  of  a  bias  field,  where  the  DC  correction  has  to  be  adjusted 
in  order  to  stabilize  a  290kHz  modulation  signal  amplitude. 

The  system  also  shows  its  robustness  to  a  quicker  disruption  such 
as  an  illumination  which  usually  shifts  the  operating  point  within  a 
few  seconds. 
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FIGURE  3:  Temporal  response  of  the  system  when  the  feedback 
loop  is  turned  on  at  t=30s. 


2.  GLOBAL  SYSTEM  EXPERIMENTATION 

To  demonstrate  the  capabilities  of  our  system,  we  introduce  a  real 
data  signal,  issued  from  a  CD  player.  The  data  signal  approximately 
20kHz  large  was  coded  on  a  290kHz  frequency  carrier.  At  the  end  of 
the  system,  the  signal  was  amplified  by  a  selective  amplifier  centered 
at  290kHz,  demodulated  by  an  integrated  phase  lock  loop  (Motorola 
CD4046)  and  fed  to  a  speaker.  This  first  level  demonstration  was 
build  with  a  low  frequency  carrier  because  of  the  simplicity  of  the 
electronic  devices  used  to  build  the  modulation/demodulation  chain. 

We  didn’t  notice  any  perturbations  on  the  functioning  of  the  feed¬ 
back  loop  ;  the  drift  correction  has  been  checked  during  more  than 
12  hours  without  any  problem. 


CONCLUSION 

We  have  built-up  a  compact  electronic  system  composed  of  simple 
and  low-cost  electronic  devices  allowing  for  analogue  processing  of 
the  output  signal  of  a  Mach-Zehnder  intensity  modulator.  The  op- 
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erating  point  of  a  polymeric  intensity  modulator  could  be  stabilized 
efficiently. 

Further  work  will  focus  on  increasing  the  frequency  of  the  data 
carrier  up  to  800MHz  and  the  bandwidth  of  the  data  signal  in  order 
to  be  compliant  to  the  GSM  standard. 
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Gaussian  Profile  Bragg  Gratings  in  Polydiacetylene  Waveguides; 
Characterization  and  Application  in  Integrated  Optics 
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Optical  nonlinear  devices  are  required  to  control  the  processing  of  fast 
optical  signals.  Polymeric  materials  with  high  optical  nonlinearities  are 
particularly  suited  to  realize  novel  all-optical  switching  concepts.  To 
open  up  the  wide  field  of  device  applications  in  integrated  optics  based 
on  periodically  structured  planar  polymer  waveguides,  we  studied 
nonuniform  Bragg  gratings  in  polydiacetylene  channel  waveguides.  The 
fabrication  using  an  optimized  photobleaching  setup  and  optical 
characterization  of  shallow  Gaussian  profile  gratings  in  the  poly(4- 
BCMU)  polydiacetylene  is  reported.  The  suitability  of  the  system  to 
nonlinear  switching  processes  based  on  Bragg  soliton  generation  is 
discussed. 


Keywords  polymer  waveguides;  Bragg  gratings;  poly(4-BCMU); 
integrated  optics 


INTRODUCTION 

Novel  all-optical  switching  concepts  based  on  Bragg  grating  structures 
in  planar  waveguides  are  of  increasing  interest  for  integrated  optics  [1]. 
A  high  third-order  nonlinearity  of  the  material  causes  a  detuning  of  the 
photonic  band  gap  of  the  periodic  structure  which,  as  a  result,  changes 
from  its  reflective  to  a  completely  transmissive  state  as  intensity  in  the 
device  is  increased  and  so-called  gap  solitons  that  stabilize  the  switching 
process  are  created  [2] . 
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Nonlinear  propagation  effects  resulting  in  all-optical  switching  or 
nonlinear  optical  pulse  narrowing  have  been  predicted  and  observed  in 
both  planar  and  fiber  waveguide  devices  [3-6],  Organic  materials  such  as 
the  conjugated  polymer  polydiacetylene  are  known  to  be  among  the 
most  promising  candidates  for  high-speed  photonic  switching  and  signal 
processing  concepts,  due  to  their  high  third-order  susceptibilities  and  fast 
response  times  [7]. 

We  present  the  fabrication  and  characterization  of  high  quality 
nonuniform  Bragg  gratings  in  planar  poly(4-BCMU)  waveguides  and 
show  the  suitability  of  our  system  for  all-optical  switching  phenomena. 


GRATING  FABRICATION  AND  CHARACTERIZATION 

Bragg  gratings  in  planar  poly(4-BCMU)  waveguides  of  about  1.25  pm 
thickness  were  fabricated  by  UV-photobleaching  using  the  third 
harmonic  of  a  pico.second  Nd:YAG  laser  (>-thg  =  355  nm).  A  change  in 
the  refractive  index  n  is  induced  in  the  material  when  irradiated  by  UV- 
light.  The  refractive  index  decrease  hn/ti  per  la.ser  pulse  was  deduced 
from  the  bleaching  behavior  of  the  material,  which  we  investigated  by 
evaluating  reflection  and  absorption  spectra  during  irradiation.  A  linear 
bleaching  rate  with  respect  to  the  fluence  on  the  polymer  was  found. 

Our  goal  concerning  the  shape  of  the  Bragg  grating  in  the  polymer 
film  was  to  generate  a  periodic  refractive  index  modulation  that  shows  a 
Gaussian  shaped  envelope  of  the  modulation  amplitude.  The  idea  was  to 
use  a  Gaussian  shaped  UV  laser  beam  to  generate  the  desired  index 
modulation.  To  provide  this  beam  the  third  harmonic  of  the  picosecond 
Nd:YAG  laser  with  a  diameter  of  5.5  mm  was  focussed  on  a  circular 
diamond  pinhole  with  a  diameter  of  150  pm  using  an  optical  lens  with  a 
focal  length  of  1  meter.  The  pinhole  served  as  a  spatial  filter  providing  a 
Gaussian  beam  shape  which  was  confirmed  when  monitored  by  a  CCD 
camera.  The  l/e- width  of  the  generated  Gaussian  beam  was  measured  to 
be  4  mm  at  the  position  of  the  polymer  film.  Assuming  a  waist  spot  size 
vv()  of  150  pm  the  Rayleigh  length  is  calculated  to  be  zk  =  20  cm. 

This  beam  was  used  to  illuminate  a  periodic  phase  mask  which 
was  optimized  to  diffract  355  nm  light  equally  into  the  two  first 
diffraction  orders  suppressing  the  zero  and  higher  diffraction  orders.  By 
interference  of  these  two  finst  order  diffraction  beams  on  the  polymer 
surface  a  periodic  refractive  index  modulation  was  generated  in  the 
polymer  film.  An  optimized  setup,  as  shown  in  Figure  1,  was  used  to 


GAUSSIAN  PROFILE  BRAGG  GRATINGS  ETC. 


401 


determine  and  control  the  grating  period.  The  diffracted  beams  were  led 
onto  variable  steering  mirrors,  the  grating  period  was  determined  by  the 
angle  of  incidence  of  the  beams.  With  a  phase  mask  of  a  center  period  of 
720  nm,  the  angle  of  incidence  onto  the  steering  mirrors  was  set  to  a 
deviation  of  +3°  from  a  right  angle  with  respect  to  the  phase  mask  plane 
to  get  the  grating  period  of  g  =  455  nm  as  needed  in  our  experiments.  In 
addition,  the  remaining  zero  order  noise  of  the  phase  mask,  which 
amounts  to  about  2-3%  of  the  incident  intensity,  can  be  completely 
suppressed.  Good  quality  nearly  Gaussian  profile  Bragg  gratings  were 
thus  fabricated  by  applying  this  method,  a  clear  improvement  compared 
to  gratings  fabricated  earlier  by  UV-photoablation  [8]  could  be  achieved. 
For  the  Bragg  grating  characterized  in  this  work,  we  applied  an  energy 
density  of  about  1.5  mJ/cm“,  the  polymer  film  was  irradiated  for  about 
20  minutes. 


FIGURE  1  Fabrication  of  Bragg  gratings  in  planar  poly(4-BCMU) 
waveguides  by  UV  photobleaching.  The  ±  1 .  diffraction  orders  of  the 
phase  mask  interfere  on  the  film  surface. 

For  the  linear  optical  characterization  of  the  device,  a  355  nm 
Nd:YAG-pumped  continuously  tunable  optical  parametric  generator 
(OPG)  was  scanned  across  the  photonic  band  gap  of  the  Gaussian  profile 
grating.  The  infrared  idler  beam  with  a  pulse  length  of  40  ps  and 
linewidth  of  3  cm’’  was  coupled  into  and  out  of  the  waveguide  by  two 
identical  glass  prisms.  The  transmission  spectrum  of  the  device  was 
recorded  at  different  incident  intensities  to  allow  the  detection  of 
intensity-dependent  nonlinear  effects. 
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According  to  the  theory  of  planar  dielectric  waveguides  [9],  the 
effective  index  of  refraction  for  the  TE-mode  in  the  waveguiding  film  is 
/Jeff  =  1 .525  assuming  a  film  thickness  of  d  =  ]  .25  pm,  a  refractive  index 
of  poly{4-BCMU)  Hf  =  1.572,  and  a  refractive  index  of  the  quartz 
substrate  =  1 .449,  at  a  wavelength  of  1400  nm. 

The  linear  transmission  of  a  Gaussian  profile  Bragg  grating  in  a 
poly(4-BCMU)  200  pm  channel  waveguide  is  shown  in  Figure  2.  A 
grating  period  of  g  =  455  nm  was  determined  experimentally.  The  OPG 
was  scanned  across  the  photonic  band  gap  centered  at  around  1 370  nm. 
The  transmitted  signal  completely  vanishes  in  the  stop  gap  of  the 
grating  whose  full  width  at  half  maximum  amounts  to  AX  =  20.5  nm. 
The  steepness  of  the  stop  gap  edges  are  given  by  3.5  and  16.0  cm'*  for 
the  25%  threshold.  This  indicates  a  strong  asymmetry  in  the 
transmission  spectrum  as  expected  for  a  Gaussian  profile  grating  and 
the  corresponding  shape  of  its  photonic  band  structure  [10].  The 
calculated  modulation  strength  of  the  refractvc  index  for  a  Gaussian 
grating  with  these  parameters  is  (6n/«),„^x  =  (A/^/>.),nax  =  1 .4  x  10  ~. 


Wavelengih  [nnij 


FIGURE  2  Linear  transmission  of  a  Gaussian  profile  Bragg  grating  in 
a  poly(4-BCMU)  channel  waveguide;  comparison  between  experimen- 
la!  data  (solid  line)  and  theoretical  fit  (dashed  line). 

For  uniform  Bragg  gratings,  we  earlier  found  transmission  band 
edges  of  a  considerably  flatter  shape.  They  are  considered  to  be  related 
to  an  interference  pattern  induced  by  the  reflected  light  from  both  ends 
of  the  grating,  which  is  smeared  out  mainly  by  the  limited  linewidth  of 
our  laser  system.  Nonuniform  gratings  and  Gaussian  profile  gratings  in 
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particular,  however,  show  a  smooth  transition  from  the  grating  region  to 
the  unbleached  waveguide  and  therefore  favor  steeper  band  edges  in  the 
transmission  spectrum  [10].  Thus,  an  intensity  dependent  shift  of  the 
band  edge  has  a  greater  impact  on  the  transmitted  light  and  therefore  the 
device  can  be  more  easily  used  in  all-optical  switching  applications. 


DISCUSSION  -  APPLICATION  IN  INTEGRATED  OPTICS 

Fabry-Perot  like  resonances  in  the  flat  edge  of  the  transmission 
spectrum,  as  expected  for  a  Gaussian  shaped  grating  [10],  are  clearly 
visible  in  the  theoretical  fit  in  Figure  2  (dashed  line)  which  was  carried 
out  by  solving  the  linear  coupled  mode  equations  [11].  The  sharp  peaks, 
however,  are  not  resolved  in  the  experimental  data  because  of  the  finite 
laser  linewidth  of  3  cm  *.  Nevertheless,  at  some  points  of  the 
experimental  curve,  one  can  guess  the  beginning  of  the  resonance  peaks. 
The  parameters  to  describe  the  grating  were  obtained  as  a  result  of  the 
theoretical  fit.  A  good  understanding  of  the  shape  of  the  transmission 
spectrum  and  the  grating  under  investigation  itself  could  be  achieved. 
For  the  theoretical  fit  shown  in  Figure  2,  we  assumed  a  calculated 
effective  index  of  refraction  «eff  =  1.525,  an  experimentally  determined 
linear  absorption  coefficient  a  =  5  dB/cm,  and  a  device  length  /  =  0.5 
cm.  The  grating  fit  parameters  and  their  values  are  the  design 
wavelength  Xb  =  1384.1  nm,  the  refractive  index  modulation  bn/n  = 
-0.0053,  a  DC  over  AC  ratio  for  the  grating  structure  r  =  5.7  (the  ratio 
for  a  Gaussian  grating  usually  is  roauss  =  2),  and  a  full  width  at  half 
maximum  of  the  grating  structure  Af^hm  =  0.072  cm.  Especially  the  large 
deviation  of  the  DC  to  AC  ratio  from  the  usual  Gaussian  grating 
indicates  an  unexpected  index  modulation  function.  Apart  from  higher 
order  Gaussian  contributions  in  the  laser  beam  shape,  which  we  think 
can  be  neglected  concluding  from  our  beam  shape  investigation  results, 
an  incomplete  overlap  of  the  two  diffracted  beams  could  be  a  reason  for 
that  deviation  from  the  expected  Gaussian  shape. 

Considering  all-optical  switching  applications  of  poly(4-BCMU) 
waveguides  for  integrated  optics,  we  looked  at  the  nonlinear  behavior  of 
the  device.  According  to  our  numerical  simulations,  a  shift  of  the 
transmission  spectrum  band  edge  of  10  cm'*  is  expected,  given  the 
nonlinear  refractive  index  of  poly(4-BCMU)  n2  =  lO  '^  cm“AV  (x*^^  =  10' 
"  esu)  [12]  and  a  power  density  in  the  waveguide  of  F  =  10  GW/cm", 
which  is  what  we  should  be  able  to  achieve  in  our  experiments.  This 
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shift  should  be  easily  demonstrated  under  the  given  conditions. 
However,  any  clearly  detectable  shift  has  not  been  observed  in  our 
experiments  so  far,  which  we  believe  is  due  to  a  weak  coupling 
efficiency  of  the  prism  couplers  and  a  possibly  high  scattering  loss  in  the 
waveguide.  We  measured  an  extremely  low  coupling  efficiency  of 
0.02%,  the  power  loss  in  the  waveguide  is  described  by  a  measured 
absorption  coefficient  of  a  =  5  dB/cm.  Two-photon-absorption  as  a 
reason  for  a  strong  power  loss  can  be  neglected  in  the  investigated 
wavelength  range.  To  ob.serve  all-optical  switching  in  poly(4-BCMU) 
waveguides,  and  especially  to  realize  the  so-called  gap-soliton  switch, 
future  experiments  will  be  slightly  modified.  It  is  our  goal  to  improve 
the  coupling  efficiency  by  using  grating  couplers  as  well  as  reduce  the 
scattering  losses  in  the  polymer  by  extracting  more  thoroughly  possible 
remaining  monomer  crystals  from  the  ypolymcrized  material.  The 
existence  of  such  crystals  could  lead  to  scattering  losses  that  are 
sufficiently  high  to  prevent  nonlinear  behavior  in  the  waveguide. 

In  conclusion,  we  have  characterized  Bragg  gratings  in  poly(4- 
BCMU)  channel  waveguides  as  a  step  towards  device  applications  in 
integrated  optics.  We  obtained  waveguides  and  nonuniform  gratings  of 
high  quality  which,  we  believe,  can  be  employed  to  demonstrate 
nonlinear  optical  switching  at  telecommunication  wavelengths  in  the 
near  future. 
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Abstract 

The  compressors  of  optical  pulses  based  on  a  Kerr-type  planar  waveg¬ 
uide  enable  one  to  obtain  large  compression,  assuming  that  disper¬ 
sion  of  the  pulse  is  anomalous.  However,  the  compression  is  localized 
in  the  waveguide  (i.e.  the  distance  of  propagation  on  which  the  width 
of  the  pulse  is  nearly  constant  and  equal  to  the  minimal  wddth,  which 
can  be  obtained  during  the  propagation  of  the  pulse  down  the  waveg¬ 
uide,  is  very  small).  We  demonstrate  how  this  can  be  avoided  by  in¬ 
troducing  a  subsidiary  pulse,  whose  dispersion  is  normal.  Based  on 
the  numerical  solutions  of  two  coupled  (2-M)-  and  (l-t-l)-dimensional 
nonlinear  Schrodinger  equations  (NSEs),  which  model  the  proposed 
configuration,  we  shows  that  the  best  parameters  of  compression  can 
be  achieved  in  the  case  of  vanishing  dispersion  of  the  subsidiary  pulse, 
when  the  self-trapped  solutions  arise. 

Keywords:  planar  Kerr  waveguides,  pulse  compression. 


Currently,  there  is  a  large  demand  for  generation  of  short  optical 
pulses  which  are  useful  for  a  variety  of  applications  such  as  the  mea¬ 
surement  of  ultrafast  physical  processes,  optoelectronics  sampling, 
generation  of  ultrafast  X-ray  radiation  and  ultrahigh-order  harmon¬ 
ics.  They  can  also  be  used  to  design  spectroscopic  and  imaging 
devices  for  investigations  of  atomic  or  molecular  systems,  includ¬ 
ing  diagnostic  and  therapeutic  tools  for  microbiology  and  medicine. 
Moreover,  generation  of  short  optical  pulses  is  of  great  interest  for 
laser  satellite  communication,  ultrahigh-bit-rate  and  long  distance 
optical  communication,  ultrafast  optical  storage  and  data  process- 
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Figure  1:  The  evolution  of  the;  temporal  cross-section  of  the  signal  pulse 
(a)  co-propagating  with  the  auxiliary  pulse  (b)  (the  evolution  of  the  s])atial 
cross-section  is  very  similar),  =  1.0, er  =  -1,K2  =  2.0. 


ing.  In  the  future,  short  pulses  may  play  a  crucial  role  in  a  di'velop- 
rnent  of  all-optical  computers.  In  addition,  in  some  applications,  e.g. 
for  nanostructuring,  it  is  essential  that  pulses  are  localized  not  only 
in  time,  but  also  in  space.  A  compressor  meeting  this  recpiirernent 
can  be  based,  for  example,  on  a  Kerr-type  bulk  medium  [1]  or  a  pla¬ 
nar  waveguide  [2,  3]  in  which  a  dispersive  pulse,  with  anomalous  or 
normal  dispersion,  propagates. 

This  paper  is  devoted  to  the  study  of  the  compression  mecha¬ 
nism  of  the  pulse  with  anomalous  dispersion,  propagating  together 
with  a  subsidiary  pulse  whose  dispersion  is  neglected  due  to  its  large 
duration.  Although,  in  the  configuration  under  discussion,  a  simul¬ 
taneous  spatio-temporal  compre.ssion  of  pulst?s  can  occur,  we  will 
consider  only  the  temporal  asj)ect  of  the  compression. 

The  temporal  compression  can  be  characterized  by  three  param¬ 
eters.  The  first  one,  the  maximal  compression  factor,  is  defined  as 
follows: 


^max  ■  — 


uv(0) 


ttVrnni  (Cmin  ) 


S  <<  1, 


where  t/v(0)  is  the  initial  temporal  width  of  the  pulse,  and  Wrmin  is 
the  minimal  temporal  width,  which  can  be  achieved  during  the  prop¬ 
agation  of  the  pulse  down  the  waveguide.  From  the  above  definition 
it  follows  that  the  minimal  temporal  width  of  the  pulse  takes  place 
at  a  propagation  distance  Cmin,  which  is  referred  to  as  the  optimal 
length  of  the  compression.  Finally,  we  define  the  compression  length 
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as  the  interval  of  the  propagation  distance, 

{C  •  ^^V(C)  j 

within  which  the  evolution  of  the  pulse  does  not  change  significantly, 
i.e.  its  temporal  width  is  approximately  constant  and  equals  to  the 
minimal  width. 

The  compressor  based  on  a  planar  waveguide  with  Kerr-type  non¬ 
linearity  and  a  single  pulse  has  been  studied  in  the  literature  [3,  2]. 
It  was  shown  that  anomalous  dispersion  of  the  pulse  results  in  a  large 
compression  factor,  Cmax'^  moreover,  spatio-temporal  splitting  of  the 
pulse,  which  can  occur  in  the  case  of  normal  dispersion,  is  elimi¬ 
nated.  In  order  to  optimize  such  a  compressor  (i.e.  to  obtain  Cmax 
and  AC  as  large  as  possible)  the  values  of  the  parameters  describing 
the  system  should  be  just  below  the  threshold  of  catastrophic  self- 
focusing  [4].  When  this  condition  is  satisfied  the  compression  length 
can  be  quite  large,  AC  ~  1,  which  allow  for  a  trivial  adjustment  of 
the  compressor  length.  However,  in  this  configuration,  the  maximal 
compression  factor  is  rather  small,  Cmax  ~  l-o.  Besides,  meeting  the 
optimization  condition  would  be,  as  a  matter  of  fact,  quite  difficult 
in  practice.  This  can  be  explained  as  follows:  for  a  given  medium 
which  constitutes  the  basic  element  of  the  compressor  (with  a  fixed 
value  of  the  group  velocity  dispersion  and  the  nonlinear  refraction 
index),  and  for  a  fixed  wavelength  of  the  pulse,  the  only  free  param¬ 
eter  of  the  system  is  the  energy  of  the  pulse.  It  means  that  such  a 
compressor  cannot  be  considered  as  a  universal  device,  for  its  oper¬ 
ation  is  limited  to  pulses  with  energy  belonging  to  a  narrow  interval 
of  values  (i.e.  just  below  the  threshold  of  catastrophic  self-focusing). 

In  order  to  improve  the  operation  of  the  above  described  com¬ 
pressor  we  consider  that  a  subsidiary  pulse  is  introduced  to  the  sys¬ 
tem.  Such  a  configuration  was  studied  in  [4],  where  it  was  assumed 
that  the  subsidiary  pulse  propagates  in  normal  dispersion  regime.  It 
was  shown  that  the  optimization  of  the  compressor  can  be  achieved 
either  when  (i)  the  values  of  the  parameters  describing  the  config¬ 
uration  are  just  below  the  threshold  of  catastrophic  self-focusing  or 
when  (ii)  the  dispersion  of  the  auxiliary  pulse  vanishes.  In  the  case 
(i)  the  maximal  compression  factor  and  the  compression  length  can 
be,  respectively,  2.5  -r  3  times  larger  and  1.5  -f-  5  times  smaller  than 
the  corresponding  values  in  the  configuration  with  a  single  pulse. 
However,  the  compression  length  in  this  case  is  rather  large.  We  will 


410 


M.  E.  PIETRZYK 


; 

: 

(h) :: 

i 

;  1 

h  1 

1 ,  i 

'  1 

j  ^  ^  _  _ 1 

c  c 


Figure  2:  The  dependence  of  the  temporal,  uv,  (the  dotted  lines)  and 
spatial,  (the  continuous  lines)  widths  of  the  signal  pulse,  (a)  co¬ 
propagating  with  the  auxiliary  pulses,  (b),  ki  =  1.0,  a  =  -1,^2  =  2.0. 


try  to  answer  to  the  question  whether  or  not  it  is  possible  to  remove 
the  latter  disadvantage.  We  will  concentrate  basically  on  tlie  case 
(ii),  i.e.  vanishing  dispersion  of  the  subsidiary  pulse. 

The  configuration  with  a  subsidiary  pulse,  as  described  above, 
can  bo  modeled  by  a  sj'stem  of  two  coupled  (2+1)-  and  the  (1  +  1)- 
dimensional  NSEs: 


•  ^  T  1  T  I  ^ 


+2  j  '^2  H'Fi  =  0,  (lo) 


^  1 

+  (I  1'2  I'  +2  I  "tl  =  0,  (lb) 

where  denote,  respectively,  the  longitudinal  coordinate,  the 

local  time,  and  the  transverse  spatial  coordinate.  The  subscript 
j  —  1  {j  =  2)  corresponds  to  the  pulse  referred  to  as  the  signal 
(subsidiary)  pulse.  The  second  terms  in  equations  (l)a,b  are  associ¬ 
ated  with  diffraction,  which  causes  spreading  of  the  pulse  in  space. 
The  third  term  in  equation  (l)a  is  due  to  first-order  group  velocity 
dispersion,  which  leads  to  temporal  broadening  of  the  signal  pulse; 
the  dispersion-to-diffraction  ratio,  <7.  is  positive,  since  it  is  assumed 
that  the  signal  pulse  propagates  in  anomalous  dispersion  regime. 
The  forth  term  in  (l)a  and  the  third  one  in  (l)b  describes  self-phase 
modulation,  while  the  last  terms  is  (l)a,b  describe  cross-phase  mod¬ 
ulation  -  a  nonlinear  effect  through  which  the  pha.se  of  one  pulse  is 
affected  by  another  pulse  and,  as  a  result,  leads  to  a  redistribution 
of  energy  between  pulses.  The  terms  describing  four-wave  mixing 
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are  neglected,  i.e.  energy  transfer  between  pulses  is  not  taken  into 
account.  The  terms  proportional  to  the  difference  in  group  velocities 
of  the  pulses  are  also  omitted. 

Based  on  the  numerical  simulations  of  the  set  of  equations  (l)a,b 
we  found  that  when  the  parameters  of  the  system  are  properly  cho¬ 
sen,  i.e.  the  energy  of  the  signal  pulse  is  below  the  threshold  of 
catastrophic  self-focusing  and  energy  of  the  auxiliary  pulse  is  above 
the  threshold  of  soliton  generation,  there  can  exist  self-trapped  solu¬ 
tions  to  (l)a,b,  which  propagate  down  the  waveguide  with  constant 
shapes,  amplitudes  and  widths.  As  an  example  let  us  examine  the 
following  parameters:  ac]  =  1.0,  cr  =  —1,^2  =  2.0.  From  Figure  1, 
where  the  temporal  cross  sections  of  the  pulses  have  been  displayed 
(the  evolution  of  the  spatial  cross  sections  are  very  similar),  it  is 
evident  that  both  pulses  undergo  periodic  oscillations.  The  ampli¬ 
tudes  of  these  oscillations  decrease  with  the  propagation  distance,  C- 
For  sufficiently  large  propagation  distance,  (^  >  15,  the  oscillations’ 
amplitudes  practically  vanish,  giving  rise  to  the  self-trapped  solu¬ 
tion.  The  formation  of  the  self-trapped  solution  can  be  explained 
as  follows:  the  pulse  wdth  negligible  dispersion,  since  its  dynam¬ 
ics  can  be  modeled  by  integrable  (l-f-l)-dimensional  NSE,  creates  a 
w'aveguide  in  the  medium  in  which  it  propagates  and  the  other  pulse 
gets  trapped  into  this  w^aveguide  [5],  From  Figure  2,  which  displays 
the  evolution  of  the  temporal  and  spatial  wddths  of  the  pulses,  it 
is  evident  that  both  widths  of  the  pulses,  which  constitute  such  a 
self-trapped  solution,  are  few*  times  smaller  than  the  initial  wddths. 
It  means  that  the  formation  of  the  self-trapped  solution  is  accompa¬ 
nied  by  a  spatio-temporal  compression.  The  parameters  of  the  com¬ 
pressor  operating  in  the  proposed  configuration  would  be  as  foliow's; 
large  maximal  compression  factor,  ~  h,  large  optimal  length, 
Cmin  ~  15,  and  also  large  compression  length,  >>  1  (the  maxi¬ 
mal  compression  factor  is  more  than  3  times  larger,  and  the  optimal 
length  of  the  compressor  is  at  least  10  times  bigger  than  the  cor¬ 
responding  values  for  a  compressor  with  a  single  anomalous  pulse). 
Note  that  the  optimal  length  of  the  compressor  is  equivalent  to  the 
distance  of  propagation  necessary  for  the  formation  of  self-trapped 
solutions.  The  compression  length,  which  is  associated  wdth  the  dis¬ 
tance  of  propagation  on  w'hich  self-trapped  solutions  maintain  their 
.shapes,  should  be  infinitely  large,  assuming  that  self-trapped  solu¬ 
tions  are  stable  against  small  perturbations  (w^e  hope  to  analyze  this 
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question  in  a.  forthcoming  publication).  IVIoreov{'r,  in  such  a  config¬ 
uration  much  smaller  energies  of  signal  pulses  can  be  used  to  obtain 
the  same  compression  as  in  the  single-pulse  case.  Besifles,  the  com¬ 
pressor  operating  in  the  configuration  under  discussion,  as  opposite 
to  the  compressor  with  a  single  pulse,  can  be  viewed  as  a  universal 
device.  Its  operation  onh'  slightly  depends  on  initial  parameters  of 
the  signal  pulse:  since  the  compression  length  is  relatively  largi*,  it  is 
always  j)ossible  to  chose  the  huigth  of  c;onipressor  in  such  a  way  that 
optimally  compressed  pulses  are  obtained  in  the  output,  irres])ective 
of  their  initial  shapes,  amplitudes  and  widths.  To  our  knowledge, 
there  is  only  one  circumstance  which  can  he  considered  as  a  disad¬ 
vantage  of  the  proposed  two-pulse  configuration:  namely  the  large 
optimal  length  of  the  compressor,  which  requires  long  waveguides 
and  implies  technical  problems  with  preparing  them.  Howc'ver.  w(' 
believe  that  the  proj)osed  configuration  has  {potential  to  !)('  realized  in 
practice.  For  this  purpose  AlGaAs  structures,  which  have  high  non¬ 
linear  refraction  index  and  large  damage  threshold,  could  Ix'  used. 
In  this  ijaper  we  investigated  only  the  temporal  aspect  of  the  com¬ 
pression;  however,  in  the  configuration  under  di.scussion  one  obtains 
pulses  which  are  confined  not  only  in  time  hut  also  in  space.  Such 
pulses,  compressed  both  temporally  and  spatially,  can  he  beneficial, 
e.g.,  for  iianostructuring.  Note  also  that  the  two-pulse  configura¬ 
tion  proposed  in  this  paper  could  be  u,sed  also  in  optical  steering  or 
switching  devices. 
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Channel  Waveguide  Fabrication  of  Organic  Nonlinear  Optical  Crystal, 
DAST,  by  Using  Oxygen  RIE 


KAZUYATAKAYAMA,  MUNEO  YOSHIDA,  HUl-HUA  DENG, 
KYOUJl  KOMATSU,  TOSHIKUNl  KAINO 
Institute  for  Chemical  Reaction  Science,  Tohoku  University 
2-i-l  Katahira,  Aoba-ku,  Sendai  980-8577  JAPAN 


An  organic  salt.  4-MA-dimethyiamino-4’-A^’-methyl-stilbazoIium  tosylate, 
DAST,  has  large  second-order  optical  nonlinearities.  A  ridge  waveguide 
of  the  DAST  crystal  was  fabricated,  for  the  first  time  to  our  knowledge, 
by  using  photolithography  and  oxygen  reactive  ion  etching  (RIE).  The 
DAST  ridge  waveguide.  34  X  20  fim  and  6  X  6  /^m  channels  with  2mm 
in  length  were  successfully  fabricated  by  this  process. 


Keywords  DAST;  channel  waveguide;  organic  crystal;  RIE; 
photolithography 


INTRODUCTION 


Organic  nonlinear  optical(NLO)  crystals  are  promising  material  for  prac¬ 
tical  photonic  applications  because  of  their  large  nonlinearities,  fast  re¬ 
sponse  time,  low  dielectric  constant,  and  high  optical  damage  threshold. 
DAST  crystal  is  of  particular  noteworthy  among  those  materials  because 
its  largest  NLO  coefficient  dj|  is  540±1 10  pm/V  (^=1.54;<m).'''This  value 
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is  almost  20  times  larger  than  that  of  LiNbO^  crystal  DAST  crystal 
is  relatively  easy  to  handle  among  organic  NLO  materials  because  it  is  an 
ionic  salt  with  excellent  hardness,  harder  than  those  of  standard  molecu¬ 
lar  crystal.  This  is  an  important  feature  of  NLO  crystals  for  micro  pro¬ 
cessing  of  them  to  fabricate  channel  waveguide  applied  to  practical  pho¬ 
tonic  devices.  Figure  1  shows  molecular  structure  of  DAST. 


FIGURE  I 


X-ray  structure  determination  of  the  DAST  single  crystals  revealed  that 
the  charge-transfer  axes  of  the  stilbazolium  moiety  makes  angle  of -1-20° 
and  -20°  with  respect  to  the  o-axis  of  the  crystal.'^'  Therefore,  the  DAST 
crystal  has  a  large  electro-optic(EO)  coefficient  along  the  <7-axis.  The 
waveguide  core  ridge  was  fabricated  parallel  to  the  /?-axis  in  the  ah  plane 
to  make  the  use  of  NLO  coefficient,  d,,.  of  it  effectively.'^"^'  Figure  2 
shows  schematic  illustration  of  the  DAST  crystal  habit  and  its  waveguide 
structure. 


FIGURE  2  Schematic  illustration  of  (a)DAST  crystal  habit  and 
(b)DAST  waveguide  structure. 


As  far  as  organic  crystal  waveguide  fabrication  concerns,  only  two  ma¬ 
terials,  MNBA'‘'"‘’'14-methoxy-3-acetamido(4’-nitrobenzylidenyl)aniline| 
and  !V1BANP'-"^'j(-)2-{a-methylbenzylamino)-5-nitropyridinef,  had  been 
reported.  These  materials  are  molecular  crystal  which  are  usually  insoluble 
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in  water.  As  MNBA  is  hard  to  dissolve  in  organic  solvents,  standard  pho¬ 
tolithography  process  could  not  be  applied.  On  the  other  hand,  MBANP 
can  be  dissolved  in  standard  organic  solvents,  a  special  aqueous  photore¬ 
sist  was  applied  to  fabricate  a  ridge  waveguide  of  it.  As  the  DAST  is  an 
organic  salt,  it  is  easily  dissolved  in  organic  solvents  of  photoresist  and  in 
an  aqueous  solvent.  These  features  of  organic  ionic  crystal  is  a  major 
problem  for  fabricating  a  waveguide  of  them. 

In  this  paper,  a  ridge  waveguide  of  the  DAST  crystal  was  fabricated  by 
using  a  special  buffer  layer  which  protect  the  crystal  from  organic  sol¬ 
vents  of  photoresist  and  its  developer  in  a  photolithography  process  and 
reactive  ion  etching(RlE)  process.  To  our  knowledge,  it  is  for  the  first 
time  that  the  DAST  crystal  ridge  was  fabricated. 


EXPERIMENTS 


The  bulk  crystals  of  the  DAST  to  fabricate  a  ridge  waveguide  were  grown 
from  a  methanol  solution  by  a  temperature  lowering  technique.  The  grown 
crystal  was  4  X  4  X  0.3mm^  in  size  with  a  large  ah  plane.  At  first,  we 
examined  the  solubility  of  DAST  to  typical  organic  solvents.  As  shown  in 
Table  I,  only  four  solvents  among  them  do  not  dissolve  the  DAST  crystal. 
We  selected  toluene  and  poly(methyl  methacrylate)(PMMA)  as  a  solvent 


TABLE  1  Solubilities  of  DAST  for  typical  organic  solvents 


Solvent 

Solubility 

Solvent 

Solubility 

(g/dm\  at  24X) 

Methanol 

15.20 

Cyclohexanone 

8.66  X  10^ 

Formic  acid 

14.08 

Dichloromethane 

7.07  X  10-2 

Ethanol 

4.79 

Acetone 

3.75  X  10  2 

1 -Propanol 

1.79 

1,4-Dioxane 

4.28  X  103 

2-Propanol 

1.52 

Chlorobenzene 

2.87  X  103 

Dimethylsulfoxide 

0.80 

Tetrahydrofuran 

I.%  X  10" 

Dimethylformamide 

0.52 

Diethyl  ether 

0.00 

Deionized  water 

0.23 

n-Hexane 

0.00 

Chloroform 

0.15 

Ethyl  acetate 

0.00 

Acetic  acid 

O.ll 

Toluene 

0.00 

2-Butanone 

9.54  X  10-2 
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and  a  polymer  as  a  buffer  layer  for  protecting  it  from  organic  solvents  of 
resists. 

Schematic  diagram  of  the  fabrication  process  of  the  DAST  waveguide 
is  shown  in  Figure  3.  At  first,  the  DAST  single  crystal  was  molded  by  a 
resin  without  covering  the  ah  plane  that  is  a  top  surface,  then  the  molded 
crystal  was  fixed  on  Silicon  substrate.  Then  PMMA  was  spun  on  the  DAST 
crystal  surface  as  a  buffer  layer  to  protect  it  from  a  photoresist  solution 
and  its  developer.  An  etching  mask  was  patterned  from  a  photoresist  by 
photolithographic  technique.  A  core  ridge  was  then  fabricated  by  RIE. 
Finally,  the  residual  etching  mask  was  removed  by  dissolving  the  PMMA 
layer  in  toluene  at  40°C.  The  PMMA  acted  as  a  lift-off  layer. 


5 .  Mojfj 


OAST 


■i 

. '..'1  ,  :[ 

r  ■ 

4.  RsF. 


FIGURE  3  Schematic  diagram  of  the  fabrication  process  of 
DAST  waveguide. 


RESULTS  AND  DISCUSSION 

The  core  ridge  of  the  DAST  crystal  waveguide  was  successfully  fabri¬ 
cated  by  using  O,  RIE.  When  a  40/Ym  wide  etching  mask  with  5  hours 
etching  time  were  taken,  the  core  ridge  was  34/vm  in  width  and  20/ym  in 
height.  When  a  8//m  wide  etching  mask  with  1.5  hours  etching  time  were 
taken,  it  was  6/^m  in  width  and  6;/m  in  height.  So,  the  etching  rate  of  the 
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DAST  crystal  by  O,  RIE  with  an  optimal  condition  was  A.Opimlh.  As  shown 
in  Figure  4,  the  side  wall  of  the  DAST  ridge  was  almost  perpendicular  to 
the  etched  crystal  surface  because  it  has  no  anisotropic  etching  by 


FIGURE  4.  Typical  SEM  image  of  a  core  ridge  of  DAST  waveguide. 


The  optical  propagation  loss  of  the  DAST  ridge  waveguide  without  a 
cladding  layer  with  the  core  ridge  of  20//m  in  height  and  34;^m  in  width 
were  examined  by  a  cutback  method.  A  1.3;/m  laser  light  was  launched 
into  the  waveguide  through  a  multi-mode  fiber  without  using  a  refractive 
index  matching  oil.  The  result  is  shown  in  Figure  5.  From  the  slope,  we 


Waveguide  length  (mm) 

FIGURE  5.  Optical  loss  dependence  on  waveguide  length.  Solid  line 
is  calculated  by  the  least  square  method. 
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calculated  the  propagation  loss  of  the  waveguide  to  be  1 1.8  dB/cm.  We 
are  sure  that  this  propagation  loss  could  be  reduced  by  using  a  cladding 
layer  with  appropriate  refractive  index  and  by  treating  the  endface  of  the 
waveguide  using  a  dicing  saw  and  polishing  them. 

CONCLUSIONS 


A  ridge  waveguide  structure  of  the  DAST  parallel  to  the  /?-axis  of  the 
crystal  was  successfully  fabricated  on  an  ah  plane  of  the  DAST  crystal  by 
using  O,  RIB  and  a  PMMA  buffer  layer.  This  will  be  the  first  report  of  the 
DAST  crystal  waveguide  fabrication.  The  sidewall  of  the  DAST  ridge 
was  almost  perpendicular  to  the  etched  crystal  surface.  The  optical  loss  of 
the  ridge  waveguide  was  measured  to  be  1 1.8dB/cm. 
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Abstract 

Two  new  classes  of  octupolar  nonlinear  chromophores,  deriving  from  1,3,5-triazines 
and  oligothienylic  crystal  violet  analogues,  have  been  synthesized,  and  their 
nonlinear  properties  investigated  using  the  Harmonic  Light  scattering  experiment. 
The  easy  preparation  of  these  molecules  qualify  them  attractive  candidates  for 
further  applications.  Off-resonant  measurements  evidence  high  nonlinearities 
together  with  a  broad  range  transparency,  which  designate  these  compounds  for  the 
emerging  schemes  of  nonlinear  optical  applications  whereby  the  multipolar 
character  of  the  chromophores  is  of  a  major  new  asset. 


Keywords  Octupoles,  multipoles,  quadratic,  non-resonant,  nonlinear  susceptibility 


1.  INTRODUCTION 

Octupolar  molecules  have  recently  generated  increasing  interest  in  the 
field  of  quadratic  nonlinear  optics.  At  the  microscopic  level,  strategies 
have  been  developed  during  the  past  decade  in  order  to  circumvent  the 
eventual  drawbacks  of  unidimensional  and  so-called  dipolar 
molecules,  for  which  a  strong  nonlinearity  is  often  antagonized  by  a 
strong  absorption  at  the  visible  harmonic  wavelength.  In  particular, 
the  large  class  of  octupolar  molecules  belonging  to  the  Tj,  D3h  or  Cbv 
symmetry  groups,  has  attracted  the  attention  of  both  physicists  and 
chemists  since  the  early  demonstrations  that  significant  second  order 
nonlinear  efficiency  could  be  achieved  from  non-dipolar  molecules 
[1,2].  Octupolar  molecular  systems,  due  to  their  strictly  cancelled 
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ground  state  dipole  moment,  belong  to  a  particular  class  of 
chromophores  that  are  not  amenable  to  traditional  molecular  nonlinear 
optics  measurements  that  require  electric  field-induced  orientation  of 
the  molecules  in  order  to  retrieve  their  hyperpolarizability  coefficient 
p.  The  revival  of  the  earlier  harmonic  light  scattering  experiment 
introduced  by  Maker  et  al.  [3],  performed  in  isotropic  solutions  and 
therefore  adapted  to  such  molecular  systems  [4],  has  helped  point  out 
the  particular  interest  of  octupolar  systems  in  terms  of  their  favorably 
displaced  nonlinearity-transparency  trade-off,  opening  therefrom  new 
schemes  in  the  field  of  molecular  engineering  for  nonlinear  optics  [5- 
8],  This  field  has  furthermore  significantly  gained  in  interest  since  the 
first  demonstration  of  the  possibility  to  induce  permanent  macroscopic 
noncentrosymmetric  order  using  octupolar  molecules  [9].  The 
possibility  to  design  new  symmetiy'  schemes  at  the  macroscopic  level 
[10]  has  further  triggered  the  design  of  non-dipolar  molecules,  and  in 
particular  of  octupolar  compounds  such  as  those  reported  in  this  work. 

We  have  recently  reported  the  preparation  and  electrochemical 
properties  of  families  of  octupolar  conjugated  molecules  [11].  In  this 
work,  we  explore  and  confirm  the  nonlinear  optical  properties  of  these 
compounds.  Nonlinear  optical  measurements  were  performed  using 
the  HLS  experiment  in  off-resonance  conditions,  avoiding 
subsequently  any  eventual  two  photon  fluorescence  background  which 
frequently  arises  when  working  at  the  vicinity  of  the  two-photon 
absorption  band  of  the  molecules  [12,13].  After  briefiy  recalling  the 
synthetic  procedure  and  structural  semi-empirical  computations,  we 
report  off-resonant  second  harmonic  generation  measurements  from 
two  series,  1,3,5-triazines  and  oligothienylic  crystal  violet  analogues, 
respectively. 


2.  RESULTS  AND  DISCUSSION 

Synthesis  of  the  molecules 

The  trisubstituted  1,3,5-triazines  are  readily  obtained  from  aromatic 
nucleophilic  substitution  on  cyanuric  chloride  1  with  the  appropriate 
4-styrylpyridines  2a-e  (see  Scheme  1)  [I  la].  The  substitution  took 
smoothly  place  within  two  hours  upon  gentle  warming  with  cyanuric 
chloride  in  ethyl  acetate,  to  give  the  tri-substituted  adduct  3a-e  as  sole 
product  (see  Scheme  1)  [1  la]. 
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Scheme  1  ;  Synthesis  of  2,4,6-tri-[l-Pyridinium]-l,3,5-triazine  trichloride  3 

The  tris(2-thienyI)methanol  and  tris(2-thienyl)methylcation  5a  were 
synthesized  by  the  method  described  in  literature  [14].  The  precursor 
carbinols  4b-d  are  usually  prepared  by  reaction  of  the  corresponding 
2-thienyllithium  or  5-(2,2’-dithienyl)lithium  with  ethylchloroformate 
with  a  3/1  stoichiometry.  All  the  tris[5-(oligothienyl)]methyl  cations 
5b-d  were  produced  by  adding  a  stoichiometric  amount  of  perchloric 
acid  to  a  solution  of  the  carbinols  4b-d  in  dry  acetonitrile  (see  Scheme 
2)[llb]. 


4b  R  =  H 
4cR  =  SMe 
4d  R  =  2-thienvl 


5b  R  =  H 
Sc  R  =SMe 
5d  R=2-thienyl 


Scheme  2  :  Synthesis  of  tris[5-(oligothienyl)]methylcations  5b-d 

The  perchlorate  salt  of  the  cation  precipitates  instantaneously  as  an 
intense  deep  blue  or  violet  colored  powder  in  a  quantitative  yield.  In 
the  case  of  tris(2-thienyl)methylcation,  the  color  of  the  salt  is  bright 
orange. 
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Semi-empirical  molecular  computations. 

The  3D  geometry  of  each  compounds  3  and  5  has  been  optimized  by 
semi-empirical  compulations  with  the  PM3  method.  Molecules  3 
belong  to  the  031,  symmetiy'  group  and  appear  to  be  fully  planar.  This 
geometry  was  determined  also  by  ab-initio  computations.  In  the  case 
of  compounds  5,  semi-empirical  computations  designate  the  C3 
symmetry  group. 

Nonlinear  optics  measurements. 

The  Harmonic  Light  Scattering  (HLS)  experiment  has  been  used  to 
determine  the  quadratic  non-linear  optical  properties  of  all 
compounds.  The  fundamental  IR  laser  source  at  1.34  pm,  is  a 
transverse  and  longitudinal  single-mode  flash  pumped  Nd:Yag  laser 
emitting  pulses  of  10  MW  peak  power  and  10  ns  duration  at  a  10  Hz 
repetition  rate.  The  incident  intensity  L"  is  monitored  by  a  half-wave 
plate  and  a  Gian  polarizer.  A  fraction  of  the  incident  beam  is  removed 
by  a  glass  plate  at  a  small  reflection  angle  and  sent  onto  a  reference 
NPP  frequency  doubling  calibrated  powder  followed  by  a  first 
photomultiplier.  The  fundamental  beam  is  focused  in  a  cell,  which 
contains  the  adequately  filtered  solutions.  The  scattered  harmonic 
signal  is  then  collected  at  right  angle  on  a  second  photomultiplier  after 
spectral  selection  through  an  interference  filter  with  10  nm  spectral 
resolution.  A  reference  CCI4  solution  with  26x10'^^  esu  [3a] 

is  used  to  calibrate  the  experiment.  An  initial  series  of  measurements 
addresses  the  pure  solvent,  namely  dimethylsulfoxide  (DMSO)  with 
subsequent  results  further  introduced  in  the  analysis  of  the  solution 
data.  Measurement  of  the  solvent  nonlinearity  results  in  a  nonlinear 
coefficient  value  of  <p^>’^“=0.23xl0'^^'  esu  [15].  Typical 
concentration  values  are  around  1 0"^  moI/L. 

The  nonlinear  coefficients  of  the  1 ,3,5-lriazine  trichloride 

compounds  3a-e  and  tris[5-(oIigothienyl)]methyications  5a-d  are 
given  in  Table  1  together  with  their  ^^max  absorption  wavelength.  The 
corresponding  <p^(0)>‘^^  static  values  were  derived  from  a  degenerate 
two-level  dispersion  model  [2].  In  the  case  of  compound  3a,  detection 
of  the  HLS  signal  at  several  distinct  wavelengths  around  670  nm 
performed  by  use  of  different  interference  filters  evidenced  that  the 
harmonic  wavelength  signal  was  buried  within  a  broad  two-photon 
emission  peak  around  650  nm.  Compounds  3b-e  were  studied  using 
the  same  precautions,  and  did  not  present  any  tw'o-photon 
fluorescence  background.  The  nonlinearity  of  compounds  3b,  3d  and 
3e  are  slightly  higher  than  the  classical  pa/'^znitroaniline  molecule. 
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with  <p^>*^^=5xl0‘^®  esu  as  measured  in  chloroform  in  similar 
experimental  conditions.  The  highest  value  was  obtained  for 
compound  3c,  which  can  be  readily  accounted  for  by  a  more  favorable 
charge  transfer  ensured  by  the  stronger  donor  end  group. 


Compound 

^.nax  (»m) 

<p‘>'^’(10‘^“  esu) 

<p^(0)>'^2(10'^‘^  esu) 

3a 

547 

fluorescence 

3b 

440 

18.5 

9.4 

3c 

470 

45.6 

20,3 

3d 

432 

14.5 

7.6 

3e 

310 

11 

8.2 

5a 

360 

17.4 

11.8 

5b 

350 

20.5 

14.3 

5c 

370 

22.7 

15 

5d 

360 

45 

29.7 

Table  1.  Experimental  values  of  the  <p^>‘ '  nonlinear  coefficient  of  compounds 
3a-e  and  5a-d  as  obtained  by  the  HLS  measurement  performed  at  1,34pm  in 
DMSO,  and  corresponding  <p“(0)>'''  static  values. 

Comparison  between  the  5a,  5b  and  5d  values  exemplifies  the  strong 
enhancement  of  the  charge  transfer  efficiency  provided  by  the 
extension  of  the  oligothienylic  chains.  The  relatively  higher  efficiency 
obtained  for  compound  5d,  while  maintaining  a  broad  transparency 
range  in  the  visible  domain,  appears  of  particular  relevance  in  terms  of 
nonlinear-transparency  trade-off  In  spite  of  the  poor  donor  strength  of 
the  end  group  of  the  three  branches  of  this  octupolar  compound,  the 
nonlinear  efficiency  of  molecule  5d  is  significant  and  might  be  further 
improved  by  adequate  grafting  of  donor  groups. 

The  nonlinear  values  of  the  different  compounds  of  this  work  are 
lower  than  those  obtained  for  the  well-known  crystal  violet 
carbocation  for  which  <p2(0)>V2=i68xlO-^o  esu  y^is  compound 
has  however  a  higher  absorption  wavelength,  a  situation  potentially 
leading  to  contamination  of  the  HLS  signal  by  two-photon  fluores¬ 
cence  [16],  A  high  absorption  in  the  visible  range  is  moreover 
detrimental  for  applications  related  to  the  second  harmonic  generation 
and  parametric  emission. 

Molecules  3a-c  are  furthermore  good  candidates  for  molecular 
engineering  of  macroscopic  orientation  of  octupoles  via  the  all-optical 
poling  experiment.  While  presenting  promising  nonlinear  efficiencies, 
octupolar  compounds  studied  in  this  work  offer  the  additional 
advantage  of  a  weaker  absorption  in  the  visible  range,  thus  permitting 
to  decrease  the  attenuation  of  interactive  waves  in  the  material. 
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3,  CONCLUSION 

The  molecular  engineering  of  1,3,5-triazincs  and  oligothienylic  cr>'stal 
violet  analogues  has  been  presented  as  a  promising  implementation  of 
octupolar  schemes  for  nonlinear  optics.  High  off-resonant  second 
order  nonlinear  coefficients  have  been  reported  in  the  case  of 
oligothienylic  compounds,  while  the  chemical  structure  of  both 
families  of  molecules  may  be  of  particular  interest  for  future 
applications  related  to  optical  orientation  in  polymer  matrices.  These 
results,  calling  for  further  optimization  of  the  molecular  structure  and 
in  particular  of  the  donor  and  acceptor  groups,  aldready  confirm  the 
relevance  of  these  new  octupolar  compounds  in  the  field  of  nonlinear 
optics. 
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Nonlinear  Optical  Properties  of  the  Langmuir-Blodgett 
Films  of  an  Intermolecular  Charge  Transfer  Complex 
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Langmuir-Blodgett  (LB)  films  of  a  charge  transfer  (CT)  complex, 
OMTTF  (bis(tetramethylene)tetrathiafulvalene)-C  i  qTCNQ 

(decyltetracyanoquinodi methane)  were  fabricated  and  the  optical 
properties  were  examined.  The  UV-visible-NIR  as  well  as  IR  spectra 
showed  a  neutral  CT  state  of  the  complex.  The  nonlinear  optical 
parameters  were  evaluated  by  the  electroabsorption  and  second 
harmonic  generation  measurements.  The  value  of  10  pm/V  was 
obtained  by  the  latter  method. 


Keywords:  Langmuir-Blodgett  films;  IR  spectroscopy;  UV-Visible-NIR 
spectroscopy;  Electrooptical  spectroscopy;  Charge  transfer  complex; 
Second  harmonic  generation 


INTRODUCTION 

Langmuir-Blodgett  (LB)  films  of  charge  transfer  (CT)  complexes  have 
potentials  for  technological  application  in  the  field  of  molecular 
electronics  and  photonics.^ From  the  viewpoints  of  electrical 
conduction,  highly  conducting  LB  films  with  metallic  transport 
properties  have  been  already  reported.*^'^^ 

The  degree  of  CT  (<5^  from  donor  {3)  to  acceptor  (J3^  molecules 
is  one  of  the  fundamental  parameters  determining  the  physical  properties 
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of  CT  complex.  For  example,  metallic  state  of  the  complexes  requires  a 
partial  CT  state  with  segregated  columnar  structure,  whereas  an  integer 
valence  leads  to  an  insulating  behavior  due  to  the  large 

electron  correlation.*^'  In  insulating  mixed  stack  CT  complexes,  the 
neutral-ionic  phase  transition,  where  the  electronic  structure  of  ground 
(g-)  state  changes  from  neutral  S<  0.5)  to  ionic 

state,  takes  place  by  lowering  temperature  or  by  applying  of  pressure.'^' 
Intermolecular  CT  interactions  within  mixed  stack  complexes  are  also 
promising  for  constructing  photonics  devices.  The  CT  transition 
between  g-  and  excited  (e-)  states  of  the  complex  will  cause  large  2nd 
order  nonlinear  optical  (NLO)  effects.’^' 

The  molecular  orientations  and  configurations  of  3  and 
molecules  can  be  controlled  by  LB  technique.  X-,  Z-type,  and  alternate 
LB  films  have  non-centrosymmetrical  molecular  arrangements  with 
permanent  dipole  moments,  which  fulfill  one  of  the  requirements  for  2nd 
order  NLO  effects.'^' 

In  this  paper,  we  will  describe  linear  a  2nd  order  nonlinear 
optical  properties  of  the  LB  films  of  the  CT  complex,  OMTTF 
(bis(tetramethylene)tetrathiafulvalene)  and  CiqTCNQ.  The  donor 
molecule,  which  does  not  have  any  hydrophobic  alkyl  moieties,  is 
combined  with  CjoTCNQ  to  form  an  amphiphilic  charge  transfer 
complex. 


EXPERIMENTAL 

The  solid  CT  complex  of  OMTTF-C  i  qTCNQ  was  obtained  as  powder  by 
combining  hot  solution  of  each  molecule.  The  composition  was 
confirmed  as  the  donor:acceptor  ratio  of  1:1  by  the  elemental  analysis. 
The  powder  complex  was  dissolved  in  benzene-acetonitrile  1:1  mixed 
solution  which  was  spread  onto  pure  water  surface  to  form  monolayers. 
Arachidic  acid  (AA)  was  added  as  a  matrix  molecule  (OMTTF- 
CioTCNQ/AA  =  1/1)  to  increase  the  quality  of  LB  films.  The 
concentration  of  CT  complexes  in  the  spreading  solution  was  fixed  at 
lxlO‘3  M.  X-type  LB  films  were  fabricated  by  the  horizontal  lifting 
method. 

CaF2  or  quartz  substrates,  coated  with  five  layers  of  cadmium 
arachidate,  were  used  for  linear  and  nonlinear  optical  measurements. 
The  sample  arrangement  for  electro-absorption  (EA)  spectra 
measurements  is  as  follows;  quartz  /  ITO  (indium  tin  oxide)  /  cadmium 
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arachidate  (5-layers)  /  CT  complexes  (40-layers)  /  cadmium  arachidate 
(6-layers)  /  aluminum. 


RESULTS  AND  DISCUSSION 
Redox  Potentials 

The  difference  between  the  first  oxidation  potential  of  the  donor 
l/2( ^))  and  the  first  reduction  potential  of  the  acceptor  {E^  l/2('^), 
AE  {-E^  E^  }/2{s^^)y  is  one  of  the  useful  complex-formation 

parameters  to  evaluate  the  CT  interaction.  Partial  CT  states  are 
observed  in  the  region  0.02  <AE<  0.34  Since  the  value  of  AE  of 
OMTTF-CioTCNQ  is  0.1  the  electronic  states  of  the  complex  is 
located  within  the  range  of  partial  CT  state.  In  spite  of  the  mixed- 
valence  nature  of  the  complex,  which  is  also  revealed  by  optical 
measurements  (see  below),  the  conductivity  of  the  film  was  found  to  be 
low.  Therefore,  the  film  should  consist  of  mixed  stack  of  the  donor  and 
acceptor  as  observed  in  OMTTF-(2,4-dimethylTCNQ).^*^^ 

Linear  Optical  Properties  and  Electronic  State  of  the  Film 
Figure  I  shows  the  electronic  absorption  spectra  of  the  LB  film.  The 
spectra  were  taken  at  an  angle  of  45°  between  the  substrate  plane  and  the 
incident  beam  with  s-  or  p-polarization.  Two  sample  arrangements  are 
referred  to  as  45p  and  45  s.  The  B  -band  (5.1xl0^cm'l)is  assigned  to  the 
CT  transition.  The  C  and  D-bands  are  the  intramolecular  transitions  of 
^  or  cQ^molecule.  The  intensities  of  the  absorption  bands  in  45s  are 
larger  than  those  in  45p  in  the  whole  measuring  range,  indicating  that  the 
directions  of  all  the  transition  moments  are  rather  within  the  substrate 
plane.  No  in-plane  anisotropy  in  molecular  arrangement  was  observed  in 
the  polarized  spectra  measured  separately  at  normal  incidence  with  the 
polarized  direction  orthogonal  to  each  other  (data  not  shown). 

The  neutral  CT  state  of  the  complex  was  confirmed  by  the  CN 
stretching  band  of  CiqTCNQ  appeared  at  2214  cm"^.  The 
corresponding  peaks  for  neutral  and  fully  charge  transferred  C  i  qTCNQ 
species  appear  at  2222  and  2179  cm'l,  respectively.  Assuming  a  linear 
relationship  between  charge  transfer  ratio  and  shift  in  CN  stretching 
band,  the  charge  on  CiqTCNQ  is  estimated  to  be  0.2.^‘^^  Therefore,  high 
2nd  order  NLO  effects  are  expected  through  the  intermolecular  CT 
interactions  in  the  mixed  CT  complex.'^ 
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We  note  that  the  neutral  complexes  with  a  mixed  stack  structure 
may  show  a  neutral  to  ionic  phase  transition  if  they  are  located  near  the 
neutral-ionic  boundary  which  is  determined  by  AE  and  hvcr  (energy  of 
CT  transition)/^’  The  AE  of  0.1  V  and  the  /?  v^rof  0.65  eV  suggest  that 
this  complex  is  close  to  the  boundary,  indicating  this  system  is  a 
promising  candidate  for  realizing  a  neutral  to  ionic  phase  transition  in  the 
LB  films.  To  examine  this,  we  measured  the  temperature  dependence  of 
the  CN  stretching  band.  A  slight  blue-shift  of  the  band  by  lowering 
temperature  down  to  10  K  was  observed.  No  evidence,  however,  of  the 
neutral-ionic  transition  in  the  LB  film  was  detected. 


Photon  Energy  /  eV 


FIGURE  1 .  Electronic  spectra  of  the  LB  films  taken  with  45 incidence 
of  p-  (dotted  line)  and  5-polarized  light  (solid  line).  See  text  for  the 
assignment  of  the  peaks. 

Nonlinear  Optical  Properties 

The  NLO  parameters  were  evaluated  from  EA  spectra^ and  by  the 
second  harmonic  generation  (SHG)  measurements.  The 
electroabsorption  spectra  over  photon  energy  range  from  1 .5  to  4.0  eV 
were  measured  for  20-Iayer  LB  film.  The  modulated  absorption  spectra, 
Aa  =  -AT/T  at  electric  field  E  were  converted  to  the  imaginary  part  of  the 
second  order  electric  susceptibility,  lm[x^^Vt«3;  0)].  The  lm[x^^\-co;  o), 
0)]  reached  0.3  pm/V  at  2.2  eV. 
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The  result  of  the  SHG  measurements  is  shown  in  Fig.  2.  The 
measurement  was  carried  out  on  a  one-layer  LB  film.  Fundamental  light 
(1.2  eV,  1064  nm)  of  Nd-YAG  laser  (20  mJ,  8  ns)  was  polarized  parallel 
to  the  incident  plane.  The  interference  fringe  pattern  was  analyzed  in  a 
similar  way  as  in  the  case  of  an  LB  monolayer  of  a  phenylhydrazone 
dye  f*  The  second  order  NLO  coefficient,  d33  was  10  pm/V  when  quartz 
crystal  was  used  as  a  reference. 


FIGURE  2.  Fringe  pattern  of  a  one-layer  LB  film  of  OMTTF-C  ]  oTCNQ 
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We  observed  the  optical  second  harmonic  generation  (SHG)  from  clay- 
metal  complex  hybrid  films.  The  Langmuir-Blodgett  films,  having 
non-centrosymmetric  molecular  alignment,  were  prepared  by  forming  a 
monolayer  of  tris(4,7-diphenyl-l,10-phenanthroline)ruthenium(ll)- 
perchlorate  onto  an  aqueous  dispersion  of  a  clay.  The  dependence  of 
the  SHG  signal  intensity  on  the  condition  of  the  sample  preparation  was 
examined.  Based  on  the  results,  we  have  analyzed  the  characteristics 
of  the  molecular  alignment  in  those  films. 


Keywords  Nonlinear  Optics;  Second-Harmonic  Generation;  SHG; 
Hybrid-Film;  Clay;  Metal  Complex 


INTRODUCTION 

Organometallic  compounds  have  been  considered  to  possess  a  large 
nonlinear  optical  coefficient  owing  to  a  metal -to-ligand  and  ligand-to- 
metal  charge  transfer  (MLCT  and  LMCT)  transition* Therefore,  the 
study  of  organometallic  compounds  for  a  nonlinear-optical  (NLO) 
material  is  currently  of  great  technological  and  scientific  interest***. 

Organic  and  organometallic  compounds  have  a  tendency  to 
crystallize  in  a  centrosymmetric  array  in  most  cases.  Therefore,  a 
means  of  imposing  a  noncentrosymmetric  structure  on  those 
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compounds  is  needed.  The  Langmuir  Blodgett  (LB)  technique  is  one 
of  the  various  methods  that  can  implement  a  noncentrosymmetric 
structure.  However,  for  LB  films,  a  few  problems,  which  include  poor 
thermal  and  mechanical  stability,  and  poor  optical  quality,  are  often 
encountered*^^ 

We  made  a  “stable”  LB  film  by  hybridizing  a  clay  and  a  metal 
complex*'^’.  Here  a  clay  was  chosen  as  a  component  to  reinforce  the 
film  structure  because  it  consists  of  two-dimensional  ultra-thin  layers  (1 
nm  thick).  Since  the  clay  layer  is  charged  negatively,  a  molecule 
which  has  a  positively  charged  moiety  is  considered  to  be  aligned  on 
the  clay  monolayer  by  electrostatic  force.  In  this  study,  we  have 
attempted  to  fabricate  hybrid  LB  films  of  different  clays  and  tris(4,7- 
diphenyl-l,10-phenanthroline)ruthenium(II)perchlorate  (Ru(dpp),; 
Figure  1),  which  is  not  equipped  with  any  alkyl  chain.  A  fundamental 
study  on  the  SHG  properties  was  performed.  As  a  result,  we  have 
confirmed  that  their  SHG  properties  are  almost  the  same  as  those  of 
conventional  LB  films. 


FIGURE  1.  Chemical  Formula  of  tris(4, 7-diphenyl- 1,10- 
phenanthroline)ruthenium(II)perchl orate  (Ru(dpp)3) 
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SAMPLE  PREPARATION 

A  monolayer  of  z4-Ru(dpp)3  was  formed  onto  an  aqueous  suspension  of 
a  clay.  Though  the  A-Ru(dpp)3  molecule  was  not  equipped  with  an 
aliphatic  chain,  a  single  clay  layer  that  was  charged  negatively  was 
thought  to  attach  to  the  positively  charged  monolayer  of  A-Ru(dpp)3  to 
form  a  clay -metal  complex  hybrid  film  (Figure  2.).  We  fabricated 
four  types  of  hybrid  films  by  replacing  the  varieties  of  clays.  As  the 
clay,  lithium-hectorite,  sodium  montmorillonite,  natural  saponite  and 
synthetic  saponite  were  employed.  The  Z-Type  hybrid-films  were 
prepared  by  the  horizontal  lifting  method.  On  the  other  hand,  the  Y- 
Type  hybrid  films  were  prepared  by  the  vertical  dipping  method.  The 
deposition  of  the  hybrid  film  on  a  fused  silica  substrate  was  achieved  at 
a  surface  pressure  of  1 5  mN/m. 


Substrate 


Layer 


FIGURE  2.  Schematic  representation  of  the  deposition  of  the 
hybrid-film  of  a  clay  and  metal-complex  by  the  horizontal  lifting 
method. 


OPTICAL  EXPERIMENTS 

The  spectrum  of  UV-Vis-NlR  on  the  substrate  was  measured  by  a 
JASCO  Ubest-30  spectrophotometer.  SHG  measurements  were  made 
by  using  a  pulsed  beam  from  a  Q-switched  Nd-YAG  laser  (Quanta-Ray, 
Model  DCR-2;  20Hz),  operating  at  a  wavelength  of  1.064  jum  with  a 
pulse  duration  of  8  nsec,  and  an  energy  of  2  mj  was  used  for  excitation. 
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RESULTS  AND  DISCUSSION 
Linear  Optical  Property  of  the  Films 

As  already  reported’'*^,  the  wavelength  of  the  second-harmonic  wave 
(532  mm)  is  located  at  the  tail  of  the  charge-transfer  absorption  band. 
Consequently,  weak  resonant  enhancement  of  the  signal  intensity  of  the 
second-harmonic  generation  (SHG)  should  be  expected. 

The  absorption  spectrums  taken  from  the  hybrid  films  were 
almost  the  same  with  that  from  a  film  fabricated  without  any  clay 
Therefore,  it  is  natural  to  consider  that  the  electronic  state  of  the 
RuCdpp)^  is  not  affected  by  the  hybridization  with  those  clays 

Dependence  of  the  SHG  intensities  ■Qn.the...CJiaia.ctgristics  of  the  Clay 
The  interference  patterns  for  the  Y-Type  hybrid-film  of  the  four  kinds 
of  clay  and  A-Ru(dpp)3  are  shown  in  Figure  3.  The  signal  intensities 
observed  for  those  films  show  the  dependence  on  the  kinds  of  the  clay. 


FIGURE  3.  Angular  dependence  of  SH  signals  from  a  [Ru(dpp)3]'7 
four  types  of  clay  hybrid  film  deposited  at  15  mN/m.  ■,  lithium- 
hectorite;  ♦,  montmorillonite;  A,  natural  saponite;  O,  synthetic 
saponite.  Solid  lines  are  guide  to  eyes. 
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The  day  minerals  used  have  diverse  physical  and  chemical 
properties.  The  average  particle  size  changes  as  1~10  ^m  (lithium 
hectorite),  0.1  fxm  (sodium  montmorillonite  and  natural  saponite) 
and  0.05^0.1  fj.m  (synthetic  saponite).  The  cation  exchange  capacity 
(meq/g)  changes  as  1.4  (lithium  hectorite),  1.15  (sodium 
montmorillonite)  and  0.80  (natural  and  synthetic  saponites)'^'.  The 
negative  charge  is  located  in  the  inner  octahedral  sheet  for  sodium 
montmorillonite  and  in  the  outer  tetrahedral  sheet  for  other  clays^^'. 
When  the  observed  SHG  intensity  in  Figure  3  is  compared  with  those 
properties,  it  seems  difficult  to  correlate  the  SHG  intensity  with  any 
one  of  the  properties  of  the  days.  At  present,  it  is  suffice  to  say  that 
the  SHG  intensity  is  influenced  by  the  slight  change  of  film  structure 
and/or  clay  properties. 

Furthermore,  we  have  fabricated  montmorillonite  /  Ru(dpp)3 
hybrid  films  under  the  different  concentrations  of  the  clay  suspension 
(0.01,  0.02  and  0.05  g/1).  As  for  those  samples,  the  observed  SHG 
signal  intensities  were  almost  identical.  Therefore,  it  is  considered 
that  the  concentration  of  the  clay  suspension  is  not  crucial  for  the 
molecular  alignment. 

QlbfiLF^atures  of  the  Hybiid  f  ilms 

The  SHG  intensities  were  measured  for  four  combinations  of 
polarization  of  the  fundamental  and  second  harmonic  waves  (data  not 
shown).  The  p-polarized  fundamental  wave  gave  a  substantially 
larger  p-polarized  SHG  response  than  the  s-polarized  one.  The  SHG 
intensities  generated  by  the  s-polarized  fundamental  wave  were 
negligibly  small  for  both  polarizations  of  the  SHG  waves.  Similar 
tendencies  were  found  for  films  consisting  of  other  clays.  This 
behavior  is  often  seen  in  the  case  of  a  conventional  LB  film’ll  This 
fact  indicates  that  the  molecular  alignment  of  the  present  hybrid  film  is 
almost  the  same  as  that  of  the  conventional  LB  film. 

Finally,  here  are  the  results  of  a  preliminary  experiment 
studying  the  dependence  of  the  SHG  signal  intensity  on  the  number  of 
layers  making  up  montmorillonite  /  Ru(dpp)3  hybrid  film.  For  up  to  3 
layers,  the  SHG  signal  intensity  has  been  found  to  be  in  proportion  to 
the  square  of  the  number  of  layers.  This  fact  indicates  that  the  present 
hybrid  film  can  maintain  a  head-to-tail  stacking  even  with  multi-layer 
structure.  Therefore,  it  is  concluded  that  the  use  of  the  present  type 
hybrid  film  is  promising  for  the  study  of  NLO  properties  for  a  number 
of  metal  complexes  which  have  a  positively  charged  moiety. 
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CONCLUDING  REMARKS 

We  have  demonstrated  the  SHG  measurement  of  hybrid  films 
incorporated  with  A-Ru(dpp)3,  a  typical  example  of  organometallic 
compounds,  which  does  not  have  any  aliphatic  chain  Clear  SHG 
responses  thus  far  have  been  observed.  This  fact  indicates  that  the 
present  hybrid  LB  films  have  a  molecular  alignment  almost  identical  to 
that  of  the  conventional  LB  film  which  is  composed  of  a  amphiphilic 
chromophore.  Therefore,  it  should  be  concluded  that  a  molecule  that 
has  a  positively  charged  moiety  can  be  aligned  on  the  clay  layer  even 
though  the  molecule  is  not  equipped  with  any  aliphatic  chain.  The  use 
of  the  hybrid  film  has  a  great  deal  of  potential  for  development  of  a 
novel  matter  of  molecular  alignment  Further  experiments  making  use 
of  a  twitter  molecule  are  now  in  progress. 

Acknowledgement 

The  present  study  was  financially  supported  by  a  Grant-in-Aid  for 
Scientific  Research  on  Priority  Areas  (A)  from  the  Japanese  Ministry  of 
Education,  Science,  Sports  and  Culture. 

References 

1.  D.  S.  Chemla  and  J.  Zyss,  ed.  Nonlinear  Optical  Properties  of 
Organic  Molecules  and  Crystals  Academic  Press,  New  York, 
(1987). 

2.  S.  R.  Marder,  D.  N.  Beratan,  B.  G,  Tiemann,  L  Cheng  and  W.  Tam, 
in  Organic  Materials  for  Nonlinear  Optics  II  ed  R.  A.  Hann  and  D 
Bloor,  Cambridge,  165  (1991). 

3.  S.  Allen,  T.  G.  Ryan,  D.  P.  Devonald,  M.  G.  Hutchings,  A.  N. 
Burgess,  E.  S.  Froggatt,  A.  Eaglesham,  G.  J.  Ashwell  and  M. 
Malhotra,  in  Organic  Materials  for  Nonlinear  Optics  II.  ed.  R.  A. 
Hann  and  D.  Bloor,  Cambridge,  51  (1991). 

4.  J,  Kawamata,  Y.  Ogata,  M.  Taniguchi,  A.  Yamagishi  and  K  Inoue, 
Mol...  Cry  St.  Liq.  Cryst.  in  press. 

5.  Y.  Nakamura,  A.  Yamagishi,  T,  Iwamoto  and  M.  Koga,  Clay  and 
Clay  Minerals,  36,  530  (1988). 

6.  S,  Yamada,  T.  Nakano  and  T.  Matsuo,  Thi.s  Solid  Film^  245,  196 
(1994). 


Nonlinear  Optics,  2000,  Vol.  25,  pp.  437  -442 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  2000  OPA  (Overseas  Publishers  Association)  N.V. 

Published  by  license  under 
the  Gordon  and  Breach  Science 
Publishers  imprint. 
Printed  in  Malaysia. 


MO  Calculations  of  Dyes  for  the  Solid  State  Absorption  Spectra 
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Absorption  spectral  shift  of  dyes,  which  have  large  values  in  spite  of 
the  small  7C-conjugation  system,  was  studied.  These  dyes  have  both 
characteristics  of  large  bathochromic  shift  of  from  the  solution  to 
solid  state,  and  strong  k-k  interactions  between  the  molecular  layers. 
CNDO/S  and  ab  initio  methods  were  used  to  calculate  this  spectral  shift. 
To  reproduce  the  spectral  shift,  the  CNDO/S  program  was  modified  by 
amplifying  the  intermolecular  resonance  integral  term. 


Keywords:  solid-state  spectra;  bathochromic  shift;  modified 

CNDO/S;  nonlinear  optics;  MO  calculation;  resonance  integral 


INTRODUCTION 

In  general,  the  properties  of  the  dyes  as  coloring  agent  for  fiber  or  cloth 
are  dependent  on  the  characteristics  of  a  single  molecule.  However, 
the  dyes  for  organic  photonic  materials,  such  as  nonlinear  optical  (NLO) 
materials,  are  used  as  single  crystal  or  solid  state.  Accordingly,  the 
property  on  solid  or  crystal  state  should  be  important  for  such  purpose. 
Recently,  Matsuoka  and  co-workers  identified  a  series  of  dyes,  which 
have  large  third  order  NLO  susceptibility,  values  in  spite  of  their 
small  ^-conjugation  systems  as  shown  in  Table  These  dyes  have 

both  characteristics  of  a  large  bathochromic  shift  of  X^^  from  the 
solution  to  solid  state,  and  strong  ti-tc  interactions  between  the 
molecular  layers.  From  these  results,  we  proposed  that  the  large 
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bathochromic  shift  could  be  an  indication  of  obtaining  a  higher 
value,  and  that  the  estimating  the  shift  was  useful  for  the  molecular 
design  of  NLO  materials  In  this  paper,  we  tried  to  evaluate  the 
shifts  accurately  by  MO  calculations. 


RESULTS  AND  DISCUSSION 

In  the  single  crystal,  the  molecules  of  dye  1  align  in  the  same  plane  and 
are  parallel  to  each  other  with  an  interlayer  distance  of  3.3  A.  To  study 
the  bathochromic  shift  in  absorption  spectra  of  dye  1,  we  used  dye  2  as 
the  model  compound  for  dye  1.  We  have  already  reported  the  spectra 
of  the  monomer  and  the  dimers  of  dye  2  calculated  by  both  normal 
CNDO/S  program  and  the  single  excitation  configuration  interaction 
(SE-CI)  calculations  with  the  6-31G{d)  basis  set,  implemented  in  the 
Gaussian  94  program  The  three  dimers,  shown  in  Figure  1,  for 

calculations  were  constructed  by  extracting  the  nearest  pairs  from  the 
crystallographic  data  of  dye  1  and  replacing  the  butylamino  groups  with 
amino  groups.  The  calculated  results  were  shown  in  Table  2 


1 ;  R=  n-Bu 
2;R=H 


3;  R=  n-Bu 
4;  R=  H 


Scheme  1 


TABLE  1  Absorption  spectra  and  values  of  quinonc  dyes  in 
solution  and  solid  state 


Dye 

in  CHCl, 
X^Jnm 

Thin  film 

AA7nm 

X'^’/esu”’ 

1 

541 

641 

100 

4.8  X  10  " 

3 

534 

534 

0 

~  10"" 

5 

429 

538 

109 

1.7  X  10  "" 

measured  by  the  third  harmonic  generation  method  in  vapor 
deposited  thin  film. 


MO  CALCULATIONS  FOR  SOLID  STATE  SPECTRA 
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The  SE-CI  calculation  for  the  CONH  dimer  showed  a  bathochromic 
shift  of  0.101  eV,  which  corresponds  to  about  30%  of  the  observed  shift 
(0.358  eV)  for  dye  1.  The  calculated  absorption  spectra  by  CNDO/S 
were  also  shown  in  Table  2.  The  shifts  calculated  by  CNDO/S  were 
smaller  in  eV  scale  than  that  by  ab  initio  calculations.  We  estimated 
that  this  defect  of  CNDO/S  was  derived  from  the  inadequacy  in  the 


FIGURE  1  Structures  of  dye  2  for  the  spectral  calculations:  (a)  El- 
bond  dimer;  (b)  CONH  dimer;  (c)  parallel  dimer;  (d)  trimer. 


TABLE  2  Calculated  of  the  monomer,  dimers  and  tetramer  of 
dye  2  by  Gaussian  94  and  CNDO/S 


SE-CI/6-31G(d) 

CNDO/S^' 

modified  CNDO/S“» 

- 

nm  eV 

^max[  ^max(^^)] 

nm  eV 

^max[  ^max  (^^)] 

nm  eV 

Monomer 

Dimer 

H-bond 

CONH 

Parallel 

Trimer 

365[3.394  ] 

374[3.3l4(-0.08)] 

377[3.293(-0.10)] 

351[3.531(0.14)] 

473[2.620] 

488[2.543(-0.08)] 
485[2,557(-0.06)] 
452[2.741(0.12)] 
486[  2.553(-0.07)] 

473[  2.620] 

489[  2.534(-0.09)] 
495[2.503(-0.12)] 
454[  2.734(  0.11)] 
497[  2.497(-0.12)] 

Configuration  interactions 

were  made  with 

100,  400  and  900 

configurations  for  monomer,  dimers  and  trimer,  respectively. 
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evaluation  of  the  intermolecular  interaction.  To  correct  this  defect,  the 
resonance  integral  term  of  the  CNDO/S  program  was  modified.  In  the 
original  CNDO/S  approximation,  the  core  matrix  element  between 
orbitals  p  and  v  on  atoms  r  and  s  respectively,  is  obtained  by 

(I) 

where  5^/  and  are  the  a  component  and  7i  component  of  overlap 
integrals,  respectively,  and  k  \s  a  constant  of  0.585.  To  amplify  the 
intermolecular  interaction,  we  used  the  equation  (2)  to  calculate  the 
only  when  the  atoms  r  and  .v  belong  to  different  molecules  to  each  other. 

//,,,  =  I. 25(p;  +  p;)(v  +  ^mv")  (2) 

In  other  words,  the  equation  ( 1 )  was  used  for  the  intra-molecular 
resonance  integral,  and  the  equation  (2)  was  used  for  the  inter-molecular 
resonance  integral.  The  factor  1 .25  in  equation  (2)  was  decided  to  give 
the  most  consistent  spectroscopic  data  in  the  present  series  of 
compounds.  The  calculated  results  for  the  monomer,  dimers  and 
trimer  by  the  modified  CNDO/S  program  were  also  shown  in  Table  2. 
Since  the  trimer  includes  the  three  types  of  intermolecular  interactions 
of  the  three  dimers  shown  in  Figure  1,  the  calculated  spectral  shift  for 
the  trimer  should  be  more  important  in  comparison  with  the  observed 
spectral  shift  than  that  for  the  dimers.  The  modified  CNDO/S  gave  a 
bathochromic  shift  of  23  nm  (  0.123  eV)  to  the  trimer.  On  the  other 
hand,  the  shift  for  the  trimer  calculated  by  normal  CNDO/S  was  12  nm. 
These  results  indicate  that  the  modification  with  equation  (2)  corrected 
the  above-mentioned  defect  of  the  normal  CNDO/S  program.  The 
shifts  calculated  by  the  modified  CNDO/S  were  larger  than  that  by  SE- 
CI/6-31G(d),  and  the  calculated  spectra  were  closer  to  the  observed 
absorption  spectra  than  that  by  the  SE-CI/6-31Ci(d). 

We  calculated  the  spectra  of  dyes  4,  which  was  used  as  a  model 
structure  of  dye  3,  and  5  too.  In  the  single  crystal,  the  molecules  of 
dye  3  don't  align  in  the  same  plane,  and  have  a  zigzag  or  twisted 
structure.  Four  dimers  were  also  constructed  by  extracting  four  nearest 
pairs  from  the  crystallographic  data  of  dye  3  and  replacing  the 
butylamino  groups  with  amino  groups.  No  dimer  of  dye  4  showed  a 
significant  spectral  shift.  The  calculated  spectra  of  the  monomer  and 
the  one  of  the  four  dimers  were  shown  in  Figure  2. 


MO  CALCULATIONS  FOR  SOLID  STATE  SPECTRA 
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FIGURE  2  Calculated  absorption  spectra  of  dye  4;  (a)  monomer; 
(b)  one  of  the  nearest  pairs.  The  spectral  curves  were  drawn  with 
the  Gaussian  distribution  function. 


300  400  500  600 


Wavelength  /  run 


Wavelength  /  mn 

FIGURE  3  Absorption  spectra  of  dye  5:  (A)  calculated  spectra  of 
the  monomer  (a)  and  the  tetramer  (b);  (B)  observed  spectra  in 
chloroform  (c)  and  of  the  thin  film  (d).  The  spectral  curves  of  (A) 
were  drawn  with  the  Gaussian  distribution  ftinction. 
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0  C  8*0 


FIGURE  4  Structure  and  schematic  description  of  the  tetramer  of 
dye  5.  Description  of  protons  are  omitted. 

For  the  dye  5,  the  tetramer  includes  the  three  types  intermolecular 
interactions  generated  from  the  nearest  pairs  of  dye  5,  The  spectral 
shift  calculated  by  the  modified  CNDO/S  program  for  the  tetramer  was 
about  100  nm,  and  the  spectral  curves  drawn  in  Figure  3  were  in  good 
agreement  with  the  observed  spectral  cur\'es.  The  structure  of  the 
tetramer  of  dye  5  was  shown  in  Figure  4. 

It  is  most  important  for  a  semi-empirical  method  to  fit  the 
experimental  phenomena.  The  modification  by  the  equation  (2)  with 
the  factor  of  1.25  gave  a  good  consistent  spectroscopic  data  for  the  dyes 
1-5.  In  the  subsequent  paper,  we  will  calculate  the  spectra  for  many 
other  compounds,  and  will  report  a  more  sophisticated  value  of  the 
factor  in  equation  (2)  to  give  the  good  consistent  spectroscopic  data  for 
many  compounds. 
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Novel  N-aryl  carbazole  derivatives  for  two-photon  absorption 
applications 
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The  absorption  and  emission  spectra  as  well  as  their  solvatochromism 
in  a  series  of  novel  highly  conjugated  carbazole  derivatives  are 
discussed.  It  was  found  that  incorporation  of  the  carbazole  moiety 
into  the  stilbene  and  distyrylbenzene  cores  results  in  strongly 
fluorescent  compounds. 

Keywords:  unsaturated  carbazole  derivatives,  fluorescence 
INTRODUCTION 

Recently,  much  effort  is  being  focused  on  designing  fluorescent 
organic  molecules  with  large  two-photon  absorption  cross-section,  for 
various  future  technologies  [1].  For  practical  applications,  these 
molecules  have  to  be  photostable,  with  large  two-  photon  absorption 
cross  section  and  high  fluorescence  quantum  yield  [2], 

The  stilbene  derivatives  play  a  very  important  role  as  main 
components  of  effective  materials  for  many  photochemical  and 
photophysical  applications  [1,3].  It  has  been  found  [1]  that 
symmetrical  stilbene  denvatives  with  electron  releasing  or  electron 
withdrawing  end  groups,  possess  a  large  cross-section  of  two-photon 
absorption. 

Recently,  we  have  found  that  stilbene  and  distyrylbenzene  analogs 
involving  the  carbazole  electron  donating  group  (Scheme  1)  are 
photostable,  possess  strong  fluorescence  and  according  to  the 
preliminary  measurements  exhibit  two-photon  absorption  cross 
section  values  in  the  range  of 200-1200  GM,  some  of  them  exceed  the 
best  known  values  to  date  [4]. 

Here  we  report  in  detail  on  the  absorption  and  fluorescence 
properties  of  these  derivatives. 
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RESULTS  AND  DISCUSSION 


Scheme  1 .  The  compounds  investigated 


3. RI.k:!  =H,  X  =  CIK.H 

4. Ri’-lI,  R2=aiO.  X  =  CH=CI[ 

5.  Ri  -  X=^CHCH 

6.  Ri,k2  =  n,  x-r.  i,4-(CHk:h)>c^1j 

7. Ri.R2  =H,  X=  1.4-<CH=CMhC6Hr2.5-(()CHj): 

8.  R',  R2  =  t-Hu,  X  =  l.4-(CH=CF4)3CfiH4 

9. R'.R2-U,  X-(CII-C!n.? 

I»,  R  1,R2  =  11,  X  =  (L-U=t.'rnC.Vl4(CM=C'H)CftU4<Cn=CH) 


ll.X  =  l,4-(CH=C'li>2C6}l4 
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Table  1.  Absorption,  fluorescence  and  quantum  yields  of  derivatives 

1-12 


Entry 

Solvent 

Kh,  ( nm ) 

^  ( nm ) 

Quantum 

yield 

1 

Toluene 

326,  341 

349, 363 

0.46 

2 

Toluene 

329,  342 

363 

0.67 

Dichloromethane 

318,  340 

377 

0.60 

3 

Toluene 

348 

397,418 

0.67 

4 

Toluene 

332,  343 

395,415 

0.20 

5 

Dichloromethane 

344, 358 

402, 420 

0.14 

6 

Toluene 

378 

426,  448 

0.70 

7 

T  oluene 

406 

458,  485 

0.77 

8 

Toluene 

387 

433,459 

0.87 

Dichloromethane 

384 

463 

* 

Acetonitrile 

378 

474 

* 

9 

Toluene 

388 

434,  459 

0.68 

Dichloromethane 

384 

440, 462 

0.51 

10 

Dichloromethane 

395 

444, 469 

0.89 

11 

Toluene 

392 

431,457 

0.92 

12 

Toluene 

376 

411,435 

0.78 

*  Not  measured 

The  general  features  of  spectral  behavior  of  these  compounds  (Table  1 
and  Figure  1 )  are. 

-  all  derivatives  absorb  at  wavelenghts  lower  than  400  nm  and  are 
transparent  in  the  visible  spectral  region; 

the  extension  of  conjugation  brings  about  a  substantial  long-wave 
shift  of  both  absorption  and  fluorescence  bands  as  well  as  an 
increase  in  quantum  yield; 

-  donating  substituents  on  the  carbazole  moiety  and  at  the  central 
aromatic  ring  increase  the  quantum  yields  (compounds  6-8), 
whereas  an  accepting  substituent  (4)  and  heavy  atoms  (5) 
drastically  diminish  the  quantum  yields.  Planarity  of  the 
conjugated  fragments  in  9-phenyl-3-carbazolyl  moiety  (entries  6 
and  11)  also  increase  the  quantum  yields. 

The  solvatochromic  shifts  of  absorption  and  emission  bands  (Table, 
entries  2  and  8,  Figure  la)  have  opposite  signs.  For  compound  8  the 
solvatochromic  behaviour  was  studied  in  more  detail.  The 
experimental  data  analysis  of  absorption  and  emission  was  done  in 
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terms  of  non-empirical  theory  [5]  based  on  Onsager’s  model  [6], 
According  to  this  theory  in  the  absence  of  specific  solute-solvent 
interactions  the  energy  of  phototransition  (absorption,  emission)  of 
solute  molecule  can  be  expressed  as 

E  =  Evac  ~  AEf)  -  AEk  ( 1 ) 

where  Evac  is  the  vacuum  phototransition  energy, 

AE])  -  difference  between  energies  of  disp)ersion  (Van  der-Waals) 
solute-solvent  interaction  in  excited  (e)  and  ground  (g)  states: 

AEn  D*f(n^)  (2) 

here  D  =  l/a^(De  -  Dg)  is  constant;  n  -  solvent  refractive  index;  f(x)  = 
(x-1  )/(x+2),  a  -  Onsager’s  cavity  radius. 

AEr  is  the  difference  of  energies  of  electrodipole  interaction  of  solute 
molecule  in  excited  and  ground  states  (the  interaction  of  dipole 
moments  pc  and  pg  with  reactive  electric  fields  R  in  the  Onsager’s 
cavity: 


AEr  =  A*f(n“)  +  B*[f(E)  -  f(n^)]  (3) 

where  e  is  a  solvent  dielectric  constant,  A  and  B  are  constants,  the 
value  and  sign  of  which  depend  on  p^  and  pg: 

A  =  l/a^(p,A  -  p^^) 

B  -  2/a  Pg  (po-  Pg)  -  for  absorption  (4) 

B  =  2/a  Pc  (pe-  Pg)  -  for  emission 

Molecule  8  in  /ra«.v-configuration  has  a  center  of  symmetry.  In  this 
case  Pc,  pg  =  0  and  hence  A,  B  =  0.  This  configuration  of  the  molecule 
is  indeed  observed  for  ground  state  in  all  studied  solvents,  as  proven 
by  NMR  spectroscopy,  and  therefore  the  contribution  of  AEr  to 
equation  (1 )  is  zero,  and  the  solvatochromism  of  absorption  should  be 
described  by 


E  =  Evac”  D*f(n^)  (5) 

Indeed,  the  experimental  data  on  the  absorption  of  8  are  excellently 
described  by  equation  (5)  with  correlation  coefficient  r  0.996,  as 
shown  on  Figure  lb.  It  confirms  that  the  main  conformation  for 
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FIGURE  1. 

Absorption  and  emission  solvatochromism  of  8.  a  -  experimental 
spectra:  laje  -  in  acetonitrile,  2a,2e  -  in  iodobenzene;  b  ~ 
solvatochromism  of  absorption  according  to  Eq.  (5);  c  - 
solvatochromism  of  emission  according  to  Eq.  (6). 
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ground  and  vibrationally  non-relaxed  excited  states  is  a  /ram- 
configuration, 

However,  no  such  correlation  (r  =  0.2)  was  observed  for  emission 
spectra.  Therefore,  either  there  is  a  considerable  contribution  of 
specific  solute-solvent  interactions  in  the  vibrationally  relaxed  excited 
state,  or  the  configurations  with  0  are  essentially  populated. 

Since  the  satisfactory  description  of  the  emission  data  (Fig.  Ic,  r  ^ 
0.889)  is  achieved  by  equation  (1)  in  its  full  form; 

E  -  Ev«c  -  (D+A)*f(n-)  -  B*[f(£)  -  f(n')]  (6) 

we  can  conclude  that  the  contribution  of  the  second  factor  into 
observed  solvatofluorochromism  is  predominant. 

CONCLUSION 

Spectroscopic  properties,  solvatochromism  and  fluorosolvatochro- 
mism  of  a  new  series  of  conjugated  N-arylcarbazole  derivatives  was 
investigated.  The  fluorescent  quantum  yields  within  the  series  are 
highly  dependent  on  substituents.  High  reactivity  of  the  carbazole 
moieties  allows  easy  modification  of  the  chromophore  structure  and 
fine  tuning  their  spectroscopic  behavior. 
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Thin  films  of  two-dimensional  layered  perovskite  compounds 
(RNH3)2(CH3NH3U,PbmX3m+,(X  =  Cl,  Br  and  I;  m  =  1  -  3),  which 
have  multilayer  quantum  wells,  were  systematically  prepared.  X-ray 
diffraction  patterns  demonstrated  that  the  control  of  the  inorganic  layer 
thickness  was  achieved  in  all  the  halogen  systems.  These  layered 
perovskite  films  showed  a  strong,  clear  exciton  absorption  peak.  The 
exciton  peak  shifted  to  lower  energy  as  the  halogen  in  the  structure  was 
changed  from  Cl,  Br  to  I.  This  is  due  to  the  difference  in  the  band  gap 
energy.  Moreover,  with  the  increasing  numbers  of  inorganic  layers,  a 
red  shift  in  the  exciton  peak  was  observed. 


Keywords.’  quantum  wells;  perovskite-type  compounds 


INTRODUCTION 

Organic  /  inorganic  perovskite-type  materials  (RNH3)2PbX4(R  :  CnH2n+i, 
X  ;  halogen)  have  been  known  to  form  quantum-well  structures.  In 
these  compounds,  the  inorganic  semiconductor  layers  of  [PbX6]'^’  and 
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FIGURE  1  Schematic  structures  of  layered  perovskite-type 
materials  (RNH3)2PbX4  and  (RNH3)2(CH3NH3)Pb2X2, 


the  organic  layers  of  [RNI-f-j]^  are  alternately  stacked  as  shown  in  Figure 
1(a).  Due  to  the  low-dimensionality  of  these  semiconductor  sheets, 
the  exciton  of  (RNH3)2PbX4  has  a  large  binding  energ>',  which  enables 
strong  photoluminescence  along  with  a  high  optical  nonlinearity 
sufficient  to  offer  potential  applications  in  optical  devices  In 

addition  to  the  single-layer  compounds,  multilayer  compounds  with 
variable  well  thicknesses,  (RNH3)2(CH3NH3)n,.,Pbn,X3,nH,  have  been 
recently  prepared'’\  In  these  compounds,  the  multilayer 
CH3NIl3pbX3  are  sandwiched  between  the  [RNH3]^  layers.  Among 
these  compounds,  the  optical  properties  of  (RNH3)2(CH3NH3)m-j 
PbmEmM  compounds*'^  have  been  reported  widely,  however,  there  are 
few  reports  on  the  (RNH3)2(CH3NH3)m.,PbmX3nif  i(X  =  Cl  and  Br).  In 
this  study,  we  tried  to  fabricate  the  layered  perovskites, 
(RNH3)2(CH3NH3)ni.,PbmX3n,+  |  based  on  PbCl,  PbBr  and  Pbl. 

EXPERIMENTAL 

The  two-dimensional  perovskites  (C6Hi3NH3)2(CH3NH3)n,.,PbmX3mH 
(C6pbmX3„i+i,  X  =  Cl,  Br  and  I)  were  prepared  by  reacting  C^HiiNHiX 
and  CU3NH3X  with  PbX2  in  N,  N-dimethylformamide.  Control  over 
the  number  of  inorganic  layers  is  achieved  by  controlling  the  relative 
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concentrations  of  the  two  aniines.  The  C6PbX4(m  =  1)  and 
C5Pb2X7(m=  2)  compounds  were  obtained  by  a  stoichiometric  reaction. 
The  CnPb3Xio(m  ==  3)  perovskite  was  obtained  by  adding  excess 
CH3NH3X  to  the  stoichiometry.  Thin  films  were  fabricated  by  the 
spin-coating  method.  Optical  absorption  spectra  of  the  films  were 
taken  using  a  Hitachi  U-3500.  X-ray  diffraction  measurements  were 
performed  using  a  Rigaku  RAD-IIA  with  a  copper  Ka  target. 

RESULTS  AND  DISCUSSION 


X-ray  diffraction 

The  two-dimensional  perovskite-type  compounds  were  structurally 
characterized  by  X-ray  diffraction.  Figure  2  shows  the  X-ray 
diffraction  profiles  for  a  series  of  spin-coaled  films  of  C6PbX4  with 
(A)X  =  Cl,  (B)X  =  Br  and  (C)X  =  1.  A  series  of  (001)  diffractions 
corresponding  to  the  interlayer  spacing  is  clearly  observed  for  the  each 
sample.  This  reveals  that  these  films  were  highly  oriented  with  c-axis 
normal  to  the  substrate.  From  the  diffraction  peaks,  the  long  cell 
dimension  along  the  c-axis  was  calculated  to  be  (A)  18.4,  (B)18.0  and 
(C)16.4  A,  respectively.  Considering  the  molecular  size  of  the  lead 
halide,  C6Pbl4  is  thou^t  to  show  the  longest  d-spacing.  However,  as 
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FIGURE  2  X-ray  diffraction  profiles  FIGURE  3  X-ray  diffraction 
of  C5PbX4  spin-coated  films  with  (A)  patterns  of  C6Pbn,Cl3jn+i films 


X  =  Cl,  (B)  X  =  Br  and  (C)  X  =  I.  with  (a)  m=  2  and  (b)  m  =  3. 
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the  halogen  becomes  bigger,  the  interlayer  spacing  decreases.  This 
trend  can  be  explained  by  the  fact  that  CnPbX4  with  long  alkyl  chains 
have  more  space  to  tilt  or  interdigitate  due  to  the  in-plane  spacing  with 
the  larger  halogen  size. 

X-ray  diffraction  patterns  for  a  series  of  C6Pb2Cl7(m  =  2)  and 
C6Pb3Clio(m  =  3)  spin-coated  films  are  displayed  in  Figures  3(a)  and  (b), 
respectively.  A  series  of  (001)  diffractions  is  clearly  observed  in  each 
profile  similar  to  the  monolayer  compounds,  C^PbC^.  No  evidence 
for  the  monolayer  compounds  could  be  detected.  The  interlayer  d- 
spacing  values  of  C6Pb2Cl7  and  C^PbjCljo  calculated  from  the  X-ray 
diffraction  patterns  are  24.5  and  29.4  A,  respectively.  An  increase  in 
the  layer  spacing  was  observed  in  each  system  compared  to  the  m  =  1 
compounds.  The  increase  from  the  m  =  1  to  the  m  =  2  and  m  =  3 
structure  is  6.1  A  and  11.0  A,  respectively.  The  thickness  of  one 
[PbCl6]‘’'  octahedra  layer  was  calculated  to  be  5.68  A  from  the  lattice 
constant  of  the  cubic  perovskite  CH3NH3pbCl3^'.  Therefore,  the 
increase  observed  in  C6Pb2Cl7(m  =  2)  and  C6Pb3Ci|o(m  =  3)  is  the  result 
of  inserting  one  or  two  more  CH3NH3pbX3  perovskite  layers  per  unit 
cell. 

C6Pb2X7  and  C6pb3Xio  for  the  bromo  and  iodide  compounds  were 
obtained.  The  structure  determinations  confirm  the  “bi"  and  “trilayer" 
assignments,  respectively. 

Optical  absorption  spectra 

Figure  4  displays  the  optical  absorption  spectra  of  the  C6PbmX3m+i(m  = 

1  -  3)  films  measured  at  room  temperature.  Each  compound  exhibits  a 
strong  absorption  peak  due  to  the  lowest  exciton  states  w^hich  are 
formed  due  to  the  confinement  in  the  semiconductor  wells  by  the 
electronic  potential  and  the  dielectric  confinement  effect. 

As  shown  in  Figure  4(a),  C6PbmCl3m+|  shows  a  red  shift  as  the  inorganic 
layer  width  increases.  This  is  due  to  the  decrease  in  bandgap  energy. 
Similar  results  were  obtained  for  the  PbBr(b)  and  Pbl(c)  systems.  The 
excitonic  bands  in  the  bromides  occur  at  a  smaller  energy  than  those  of 
the  corresponding  chlorides  and  those  of  the  iodides  at  a  much  lower 
energy  than  those  of  the  bromides.  This  is  due  to  the  decrease  in  the 
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band  g3p  as  the  halogen  changes  from  CI~>Br-^I.  Moreover,  the 
exciton  peaks  of  the  chlorides  are  sharper  than  those  of  the  bromides 
and  much  sharper  than  the  iodides.  This  indicates  that  the  exciton  in 
the  PbCl  systems  has  the  largest  binding  energy.  The  exciton 
absorption  peaks  are  listed  in  Table  1. 


TABLE  1  Exciton  absorption  peaks  of  C6pbmX3m+i  films 


i  Exciton 

absorption  peaks  /  nm  (eV) 

X 

C6Pb2X7 

C6Pb3X,o 

Cl 

330  (3.76) 

349  (3.56) 

356  (3.48) 

Br 

395  (3.14) 

431  (2.88) 

450  (2.76) 

I 

WBBSBBM 

Wavelength  /  nm  Wavelength  /  nm 


Wavelength  /  nm 


FIGURB  4  Optical  absorption 
spectra  of  spin-coated  films  of 
CaPbmXjm+i  (m=l-3)  with 
(A)  X  =  Cl,  (B)  Br  and  (C)  1. 
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The  thin  films  of  C6PbX4(m  =  1)  exhibit  a  strong  photoluminescence 
even  at  room  temperature.  A  strong  and  sharp  PL  peak  was  observed 
at  332,  407  and  523  nm.  As  the  halogen  changes  from  Cl  to  Br  and  I,  a 
red  shift  in  the  PL  peaks  was  observed  similar  to  exciton  absorption. 
The  Stokes  shifts  from  the  exciton  absorption  are  calculated  to  be  1  7.7, 
92.5  and  50.9  meV,  respectively.  The  fact  that  the  exciton  was 
observed  even  at  room  temperature  demonstrates  the  stability  of  the 
exciton  states. 


CONCLUSION 

Two-dimensional  layered  perovskite  compounds  (RN  1-13)2 (CH3NH3)n>i 
PbmX3ni+i  (X  =  Cl,  Br  and  I;  m  =  1-3)  were  systematically  prepared. 
The  layered  perovskite  films  showed  a  strong,  clear  exciton  absorption 
peak  at  room  temperature  due  to  their  large  exciton  binding  energ>^ 
The  exciton  state  was  found  to  be  controllable  by  changing  the  halogen 
and  the  number  of  inorganic  layers. 
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Hetero-layer  devices  were  realised  by  combination  of  hole  transporting 
materials  like  polyparaphenylenevinylene  (PPV)  with  new  electron 
transporting  heterocyclic  polymers  and  oligomers:  polyphenylquinoxa- 
Hnes  (PPQs)  and  trisphenylquinoxalines  (TPQs),  respectively.  The  PPQ 
and  TPQ,  suitable  as  electron-transporting/hole-blocking  layers  in 
OLED  devices,  were  studied  by  combined  investigations  of  ultraviolet 
photoelectron  spectroscopy  (UPS),  near  edge  X-ray  absorption  fine 
structure,  thermally  stimulated  discharge  currents  and  dielectric  relaxa¬ 
tion  spectroscopy.  Furthermore,  we  used  semi-empirical  quantum- 
chemical  calculations  to  understand  the  valence  electronic  structure  of 
isolated  molecules  and  to  interpret  the  measured  UPS  spectra. 


Keywords  Organic  light  emitting  devices;  heterocyclic  model 
compounds;  ultraviolet  photoelectron  spectroscopy;  quantum  chemical 
calculation;  thermally  stimulated  discharge  current. 


INTRODUCTION 

The  combination  of  hole  transporting  and  electron  transporting 
materials  in  hetero-layer  structures  is  a  fruitful  approach  to  improve  the 
performances  of  Organic  Light  Emitting  Devices  (OLEDs). 
Heterocyclic  compounds  are  very  interesting  as  hole  blocking/electron 
transporting  materials.  The  heterocyclic  rings  are  responsible  for  a  high 
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ionization  potential  and  high  electron  affinity,  in  comparison  to  typical 
hole  transporting  materials  like  polyparaphenylenevinylene  (PPV). 


EXPERIMENTAL 

We  investigated  different  types  of  heterocycles  i.e.  two  types  of 
phenylquinoxalines,  (PPQ  lA  and  PPQ  IIB)  and  one  type  of  starburst 
trisphenylquinoxalines  (TPQ),  (figure  1).  We  applied  the  following 
techniques:  ultraviolet  photoelectron  spectroscopy  (UPS),  near  edge  X- 
ray  absorption  fine  structure  (NEXAFS),  thermally  stimulated  discharge 
current  (TSDC),  dielectric  relaxation  spectroscopy  (DES)  and  current- 
voltage-luminance  characteristics. 


CF3 


PPQ  lA  TPQ  PPQ  IIB 


FIGURE  1  Chemical  structures  of  investigated  substances. 

Both  UPS  and  NEXAFS  measurements  were  performed  at  BESSY  I 
in  Berlin.  UPS  measurements  were  carried  out  at  the  beam  line  TGM-2, 
using  an  ADES  400  angle  resolving  spectrometer  system,  in  the 
incident  photon  energy  range  between  35  and  65  eV,  at  room 
temperature.  The  base  pressure  during  the  experiments  was  2x1 0’*° 
mbar.  Films  of  TPQ  were  prepared  in-situ  by  evaporation  from 
pinhole-sources  on  a  Si  substrate.  The  samples  were  directly  transferred 
to  the  main  chamber,  without  braking  the  vacuum,  under  UHV 
conditions.  The  polymer  layers  were  prepared  ex-situ  by  spin  coating. 
NEXAFS  measurements  were  carried  out  on  the  same  samples,  at  the 
CL-RCM  beam  line,  characterised  by  a  constant  length  Rowland  circle 
soft  x-ray  monochromator,  in  total  yield  detection,  with  a  typical 
retarding  voltage  for  carbon  (-200  V).  All  the  recorded  spectra  were 
normalised  by  a  reference  grid  monitor  current.  TSDC  measurements 
were  performed  on  polymer  films,  cast  onto  fresh  aluminium  surface 
from  a  chloroform  solution,  subsequently  a  second  aluminium  electrode 
was  evaporated  under  UHV  conditions.  Details  of  devices  preparation 
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and  of  the  experiments  are  given  elsewhere  [1]. 


RESULTS  AND  DISCUSSION 


Figure  2a  shows  the  UPS  spectra  of  TPQ  and  their  theoretical 
simulation.  As  expected,  for  the  amorphous  nature  of  the  layers,  the 
energy  series  doesn’t  show  any  dispersion  of  the  peaks  in  dependence 
on  the  incident  photon  energy.  This  also  indicates  that  no  observable 
charging  effects  occurred.  We  directly  determined  the  ionisation 
potential,  6.0  eV,  from  the  HOMO-onset  (highest  occupied  molecular 
orbital)  by  a  linear  extrapolation  and  the  secondary-electron  cutoff,  and 
the  work  function,  4.2  eV,  measured  with  the  sample  negatively  biased. 
The  theoretical  results  were  obtained  using  a  semi-empirical  quantum- 
chemical  calculation  method  (AMI). 


Binding  Energy  (eV) 

(a) 


Pholon  Energy  (eV) 


(b) 


FIGURE  2  (a)  Valence  electronic  spectra  of  TPQ  (full  lines)  and 

simulated  spectrum  (AMI,  dash  line).  They  were  measured  with  an 
angle  of  incidence  of  45°  and  an  emission  angle  of  90°.  The  incident 
photon  energy  is  also  indicated.  The  valence  band  is  given  with 
respect  to  the  vacuum  level  set  at  zero;  (b)  C  Is  NEXAFS  spectra  of 
PPQ  I  A,  PPQ  IIB  and  TPQ.  Vertical  offsets  are  used  for  clarity. 


The  effect  due  to  Auger  electrons  was  not  considered  for  the  simulation. 
The  calculation  was  performed  taking  into  account  only  one  molecule. 
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Since  the  molecules  interact  only  by  van  der  Waals  interaction,  and 
the  electronic  structure  of  an  organic  solid  largely  preserves  that  of  a 
molecule  or  a  single  chain,  we  obtained  a  good  agreement  with  the 
measured  UPS  spectra.  This  allowed  to  assign  the  different  peaks  to  the 
molecular  orbitals.  While  the  peak  at  lowest  binding  energy  is 
essentially  related  to  the  HOMO  orbital,  the  second  peak  is  already  due 
to  electron  states  modified  by  the  molecular  interaction,  it  means  a 
mixture  of  n-  and  a-states.  Figure  2b  presents  C  Is  NEXAFS  spectra 
for  PPQ  lA,  PPQ  IIB  and  TPQ.  From  a  qualitative  viewpoint  we  can 
assume  that  the  spectra  of  all  the  species  are  dominated  respectively  by 
the  strong  C  Is-^ti  c=c  and  C  ls->Tr*c=N  features  around  284  and  289  eV 
[2].  In  the  PPQ  IIB  the  peaks  are  broader  than  in  PPQ  lA  due  to  the 
presence  of  the  oxygen  bridges  while  the  TPQ  has  a  intensity  ratio 
7^  c=c/7r  c=N  of  about  1  because  of  the  bigger  number  of  heterocyclic 
rings  that  favours  the  C  ls-^7t  c=n  signal  in  comparison  to  PPQ  spectra. 

The  oxygen  bridges  also  influence  TSDC  curves  as  it  can  be  seen  in 
figure  3a.  The  TSDC  spectra  show  several  peaks  and  in  principle  they 
can  be  of  dipolar  origin  or  resulting  from  charge  transport  processes.  To 
prove  their  dipolar  nature,  we  carried  out  DES  measurements  on  both 
types  of  PPQ.  Assuming  a  single  elementary  relaxation  process  and 
described  by  an  Arrhenius  law  for  the  relaxation  frequency: 

a(7')  =  a',exp[^-^j  (D 


with  A  activation  energy,  T  absolute  temperature,  k  Boltzmann’s 
constant  and  natural  frequency,  we  analysed  each  peak  [1]  obtaining 
the  values  for  A  and  ttr.  TSD  current  density  is  linked  in  the  simplest 
case  to  relaxation  frequency  through  the  following  equation  [3]: 


jiT)=e,  Af-a(r)exp| 


-s\a{r)dr 


(2) 


€a  is  the  dielectric  constant  of  free  space,  V  the  applied  charging 
voltage,  L  the  sample  thickness,  5  the  reciprocal  heating  rate,  T  the 
actual  temperature,  To  the  starting  temperature  and  A£=(€o  -£ao)  the 
relaxation  strength,  where  ^<3  is  the  dielectric  constant  at  low 
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frequencies  (static  limit),  e^o  is  the  dielectric  constant  at  high 
frequencies  (optical  limit).  On  the  other  hand  the  complex  component 
of  the  dielectric  constant  is  described  by  the  Debye  equation  [4]. 
Finding  the  maximum  of  this  function  with  respect  to  the  measurement 
frequency,  the  condition  cola-\  has  to  be  satisfied.  Substituting  the 
following  we  obtain 


t:  =  — 


A:  In  - 


a 


or. 


(3) 


Equation  3  allows  to  determine  a  temperature  range  around  the  Tm 
value  to  be  analysed  in  order  to  verify  whether  the  peaks  in  TSDC 
spectra  have  a  dipolar  nature.  Exemplifying,  for  peak  I  in  PPQ  lA,  a 
value  between  245  K  and  280  K  was  expected,  figure  3b  shows  the 
DES  analysis  linked  to  this  peak:  the  dielectric  relaxation  processes 
exactly  occurs  in  this  range  and  it  is  softly  quenched  with  the 
temperature  reaching  285  K. 


Figure  3  (a)  TSDC  spectra,  the  inset  shows  the  simulation  of  the 

peaks  I  and  II  for  PPQ  lA;  DES  spectra  peak  I  (b)  and  peak  II  (c). 

In  figure  3c  the  same  analysis  performed  for  the  peak  II  is  shown, 
the  expected  Tm  range  was  between  283  and  320  K,  the  DES  curves  do 
not  show  any  dipolar  relaxation.  We  found  that  the  peaks  I  and  II,  even 
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if  they  are  so  close  in  temperature,  figure  3a,  have  different  nature  as 
we  have  demonstrated  with  DES  measurements.  The  full  spectroscopic 
and  electrical  characterisation  of  the  materials  forms  the  background  for 
understanding  their  behaviour  in  hetero-layer  devices.  The  use  of  PPQ 
and  TPQ  for  preparation  of  bi-layer  devices  in  combination  with  PPV 
leads  to  an  increase  of  efficiency  in  comparison  to  PPV  single  layer 
device  at  least  by  two  orders  of  magnitude.  The  on-set  voltage  of  the 
double  layer  PPV/PPQ  (100  nm/20  nm)  device  is  between  2.2  and  3  V, 
depending  on  preparation  conditions.  At  bias  of  7  V  a  brightness  of 
about  250  cd/m^  was  achieved.  The  double  layered  PPV/TPQ  (70 
nm/20  nm)  device  is  also  characterised  by  improved  performances  with 
respect  to  the  single  layer  device:  the  on-set  decreases  from  6.5  V  to  4.1 
V  and  the  luminance  increases  by  30  %. 


CONCLUSIONS 

The  UPS  measurements  provide,  in  combination  with  the  other 
spectroscopic  techniques,  all  information  about  valence  electronic 
structure  of  the  investigated  heterocyclic  materials.  Their  high 
ionization  potential  favours  the  hole  blocking  properties  and  their  high 
electron  affinity  favours  electron  injection  from  the  cathode.  The 
efficiency  increases  in  comparison  to  single  layer  devices  and  this 
confirms  that  PPQ  and  TPQ  are  promising  materials  for  OLEDs. 
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The  Mg  cathode  surface  of  a  simple  ITO  /  NPB  /  Alqs  /  Mg  Organic  Light  Emitting 
Device  (OLED)  was  observed  by  Ultraviolet  Photoelectron  Spectroscopy  (UPS)  during 
operation  of  the  device  in  ultra-high-vacuum  (UHV).  We  found  that  even  with  a  35 
nm  thin  Mg-cathode,  the  underlying  organic  layer  never  appeared  at  the  surface  also 
after  hours  of  operation  in  the  ultra-pure  conditions  typical  of  UHV.  The  only  signs  of 
deterioration  at  the  cathode  are  a  slow  oxidation  of  the  Mg-surface.  We  could  show  that 
OLEDs  with  semitransparent  cathodes  are  stable  if  the  are  operated  under  ultra-high- 
vacuum  conditions. 

Keywords:  Organic;  electroluminescence;  OLED;  UPS;  UHV 


1.  INTRODUCTION 

The  stability  of  the  metal-organic  interface  at  the  cathode  of  an  Organic 
Light  Emitting  Device  (OLED)  is  an  important  parameter  that  can  im¬ 
pose  a  limit  on  the  lifetime  of  the  device.  In  order  to  allow  an  optimiza¬ 
tion  of  the  devices  towards  such  applications  as  wide  area  displays,  it  is 
important  to  better  characterize  and  understand  the  intrinsic  degradation 
mechanisms  that  can  take  place  at  the  cathode  interface  even  in  encapsu¬ 
lated  devices.  In  this  work  we  examined  the  cathode  surface  of  a  running, 
“encapsulated”  OLED,  by  operating  it  in  Ultra-High-Vacuum  (UHV)  and 
using  Ultraviolet  Photoelectron  Spectroscopy  (UPS).  UPS  is  a  very  sen¬ 
sitive  tool  to  detect  surface  changes.  Since  the  device  was  fabricated  and 
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Operated  in  UHV,  we  can  exclude  the  effects  of  impurities,  and  the  isola¬ 
tion  of  the  device  from  the  environment  is  better  than  any  encapsulation 
technique. 

Any  intrinsic  deterioration  mechanism  that  affects  the  Mg-cathode 
would  be  visible  as  a  change  of  the  electronic  states  at  the  surface  of 
thin  Mg  cathodes.  As  an  example,  one  might  expect  that  the  Mg  fur¬ 
ther  diffuses  inside  the  organic  material  underneath  during  operation  of 
the  device,  and  that  after  a  while  the  electronic  states  belonging  to  the 
organic  material  start  being  detected  at  the  surface  by  UPS. 

In  order  to  be  able  to  use  a  thin  Mg  cathode,  and  in  order  to  be  able 
to  perform  this  kind  of  surface-sensitive  measurements,  a  Ultra-High- 
Vacuum  (UHV)  is  required. 

2.  EXPERIMENTAL 

We  produced  very  simple  bilayer  device  structures  on  a  glass  substrate 
coated  with  an  Indium  Tin  Oxide  (ITO)  anode  (~  30  nm  thick),  the 
hole  transport  layer  NPB  (N,N’-bis-(l-naphthyl)-N,N’-diphenyl-l,r-bi- 
phenyl-4,4’-diamine,  ~  65  nm  thick)  and  Alq^  (tris  (8-hydroxyquinoline 
aluminium),  ~  80  nm  thick)  as  an  electroluminescent  layer,  and  with  Mg 
(~  35  nm)  as  cathode  material.  The  thicknesses  were  measured  using 
a  calibrated  quartz  microbalance.  Exact  thickness  measurements  of  the 
organic  and  Mg  layer  by  Rutherford  Backscattering  Spectroscopy  (RBS) 
were  used  to  calibrate  the  quartz  microbalance  (RBS  measurements  on 
organic  layers  are  discussed,  e.g.  ,  in  Ref.  [1]). 

The  devices  were  fabricated  in  an  UHV  deposition  chamber  (base 
pressure  3-10~’°  mbar)  using  masks  for  the  device  structure.  After  fab¬ 
rication  the  sample  was  moved  without  breaking  the  UHV  to  a  special 
surface  analysis  chamber  equipped  with  a  He  discharge  lamp,  and  a  hemi¬ 
spherical  electron  analyzer  (base  pressure  510”^^  mbar). 

An  existing  electrical  connection  for  applying  a  bias  voltage  to  the 
sample  during  UPS  measurements  was  used  to  contact  the  cathode  of  the 
device.  The  OLED  anode  can  be  contacted  with  the  walls  of  the  vacuum 
chamber,  which  are  grounded.  Using  these  two  contacts  we  can  apply 
a  voltage  to  the  OLED,  and  inject  a  current  to  induce  the  electrolumi¬ 
nescence,  while  at  the  same  time  measuring  the  UPS  energy  distribution 
curve  (EDC),  By  moving  the  sample  holder  slightly,  one  can  remove  the 
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electrical  connection  of  the  device  anode  to  the  ground,  which  allows  an 
UPS  measurement  of  the  cathode  of  the  inactive  device,  without  electro¬ 
luminescence. 


3.  ULTRAVIOLET  PHOTOELECTRON  SPECTROSCOPY 

For  the  UPS  measurement  we  used  the  He  I  line  (photon  energy  21.2 
eV)  to  measure  the  photoelectron  spectrum  of  the  Mg  cathode  on  top  of 
the  device.  We  confirmed  that  Ultraviolet  Photoelectron  Spectroscopy 
(UPS)  does  not  induce  any  change  in  the  brightness  of  the  electrolumi¬ 
nescence.  This  means  that  the  21.2  eV  photons  we  use  do  not  lead  to 
rapid  photodegradation  of  the  organic  layers  in  our  OLEDs.  The  diame¬ 
ter  of  the  UV  spot  on  the  cathode  was  about  2  mm,  while  the  device  size 
was  4x4  mm.  Since  the  electroluminescence  was  visible  through  our  thin 
Mg  cathode,  we  could  check  the  position  of  the  beam  while  the  OLED 
was  running,  confirming  that  the  electroluminescence  was  always  visible 
under  the  UV  beam  spot.  The  small  surface  area  illuminated  by  the  UV 
light  in  the  middle  of  the  cathode  guarantees  that  all  collected  photoelec¬ 
trons  come  from  the  cathode  of  the  device.  The  electron  analyzer  position 
is  perpendicular  to  the  sample  surface. 

In  the  case  where  the  anode  has.no  contact  to  the  chamber  the  arrange¬ 
ment  does  not  differ  from  a  standard  UPS  measurement:  the  surface  of 
the  cathode  (the  material  to  be  analyzed  by  UPS)  is  negatively  charged, 
relative  to  the  electron  analyzer,  by  the  applied  bias  voltage.  This  is  the 
usual  technique  used  to  avoid  slow  electrons  which  otherwise  can  not  be 
well  detected.  For  the  UPS  measurement  alone,  no  change  is  expected  if 
the  anode  of  the  OLED  is  grounded,  because  the  charge  on  the  cathode 
is  the  same.  The  only  difference  is  that,  with  the  electrical  connection 
between  anode  and  ground  in  place,  a  current  flows  inside  the  OLED, 
inducing  the  electroluminescence. 

4.  RESULTS  AND  DISCUSSION 

Figure  1  shows  a  UPS  measurement  on  the  cathode  surface  of  an  OLED 
before  it  was  operated  for  the  first  time  (solid  curve).  After  application  of 
a  8  Volts  bias  voltage  to  the  device,  bright  green  light  was  visible  on  the 
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whole  cathode  area.  After  22  minutes  we  measured  again  the  UPS  signal, 
and  this  time  obtained  the  dashed  line  in  Figure  1 .  The  current  which  was 
flowing  through  the  18  mm^  area  of  the  device  at  this  time  was  3.9  mA. 
We  made  several  measurements  later.  The  curve  after  74  min  is  shown  as 
a  dotted  curve  in  Figure  1.  The  intensity  of  the  UPS  signal  is  increasing 
with  time.  The  inset  in  Figure  1  shows  the  photoelectron  intensity  of  the 
peak  at  6. 1  eV  binding  energy  versus  time.  The  line  connecting  the  points 
corresponds  to  a  linear  relation. 


Binding  energy  [eV] 


FIGURE  I :  UPS  measurement  on  the  cathode  surface  of  a  device  before  it  was  operated  for  the 
first  lime  (0  min.  solid),  after  22  min  of  operation  at  a  bias  voltage  of  8  V  (dashed),  and  after  74 
min  of  operation  at  8  V  bias  voltage  (dotted).  The  inset  shows  the  phoioclectron  intensity  at  the 
binding  energy  6.1  eV  versus  time. 


We  interpret  the  increase  in  the  intensity  of  the  UPS  spectrum  as  the 
effect  of  the  slow  oxidation  of  the  Mg  layer  that  takes  place  even  in  UHV 
because  of  the  very  reactive  Mg.  UPS  is  so  sensitive  that  even  a  part  of  a 
monolayer  of  oxidized  Mg  at  the  surface  already  affects  the  photoelectron 
spectrum. 

After  a  half  day  the  Fermi  edge  is  not  anymore  visible  in  the  UPS 
spectra  and  the  cathode  surface  turns  completely  into  MgO  (an  insulator). 

No  sharp  peak  in  the  UPS  spectrum,  which  could  be  related  to  organic 
molecules  at  the  surface  of  the  cathode,  was  observed.  If  Alqs  molecules 
could  reach  the  surface  of  the  Mg  layer  the  signal  would  be  drastically 
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changed.  But  we  did  not  found  any  new  peak  or  changes  even  after  longer 
time. 

This  means  the  Mg  cathode  of  an  OLED  is  not  be  destroyed  by  an 
intrinsic  mechanism  like  diffusion  of  Mg  into  Alqa.  The  thin  cathodes 
we  used  would  be  very  sensitive  to  any  changes  which  occur  from  the 
interface  and  grow  towards  the  surface.  From  these  experiments  we  can 
conclude  that  any  interfacial  changes  taking  place  at  the  Mg/Alqs  inter¬ 
face  will  be  very  localized,  with  a  maximum  extension  lower  than  35  nm, 
the  thickness  of  the  cathodes  we  used. 

An  additional  feature  that  we  observed  in  the  UPS  spectrum  is  a  shift 
of  the  left  edge  of  the  spectrum,  related  to  the  slow  electrons,  when  the 
device  is  running.  While  the  oxidation  of  the  Mg-cathode  is  still  visible 
by  UPS  when  the  OLED  is  switched  off,  this  shift  in  the  spectrum  only 
appears  when  the  device  is  being  operated.  The  left  edge  becomes  sharper 
and  moves  by  about  1  eV  to  the  left  if  the  current  is  flowing  through  the 
device. 

The  reason  for  this  behavior  is  not  clear  yet.  We  propose  two  tenta¬ 
tive  explanations:  ( 1 )  Because  of  the  relative  arrangement  of  cathode  and 
ITO-anode  on  our  sample,  a  deformation  of  the  electric  field  of  the  neg¬ 
atively  charged  cathode  can  take  place  when  the  anode  is  on  ground  po¬ 
tential.  This  involves  an  higher  UPS  signal  at  the  slow  electron  edge  and 
shifts  the  position  of  the  UPS  spectrum  to  the  left,  depending  on  where  on 
the  cathode  the  photoelectrons  are  emitted  from.  (2)  A  non-homogenous 
conduction  at  the  cathode  surface  could  lead  to  spatially  inhomogeneous 
voltage  drops  over  the  cathode  surface,  which  would  lower  the  accelera¬ 
tion  of  photoelectrons,  also  producing  a  shift  of  the  left  edge  of  the  UPS 
spectrum. 

5.  CONCLUSIONS 

In  conclusion,  we  could  observe,  for  the  first  time  to  our  knowledge,  the 
changes  in  the  UPS  spectrum  of  the  thin  Mg  cathode  of  a  running  OLED. 

We  found  that  no  intrinsic  degradation  mechanisms  can  destroy  even 
a  35  nm  thin  Mg-cathode.  If  there  is  an  effect  of  the  OLED  operation  on 
the  Mg/Alq^  interface,  that  this  interfacial  changes  are  limited  to  a  thick¬ 
ness  of  less  than  35  nm  from  the  interface. 
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The  electrolumine.scent  (EL)  characteristics  of  organic  light  emitting  diodes  (LED)  with  ,  N,N’- 
bis-(  l-naphhyi)-N.N’-diphenyl-I,r-biphenyie-4,4”-diamine  (NPB),  4,4’,4”-tris(3-methyl' 
phenylphenylamino)  triphenylamine  (m-MTDATA).  or  both  of  them  as  hole  transport  layer 
(HTL).  and  Alq  as  emissive  layer  have  been  investigated.  It  is  found  that  the  full  width  at  the  half 
maxim  (FWHM)  of  electroluminescent  (EL)  emission  band  of  device  with  m-MTDATA/Alq 
interface  is  0.53cV  at  14V  driven  voltage,  much  wider  than  0.44eV  of  photoluminescent  (PL) 
band  of  Alq  film.  The  EL  peak  position  of  the  devices  with  m-MTDATA/ Alq  interface  is  red 
shifted  (maxim  0.2eV)  and  variant  with  the  driven  voltage,  which  is  same  as  the  previous  results. 
A  blue  shift  of  0.04eV  has  been  observed  in  first  time,  to  the  best  of  our  knowledge,  in  the  EL 
emission  of  the  device  with  NPB/Aiq,  however  neither  widening  nor  variation  on  driven  voltage 
has  been  observed.  When  m-MTDATA  completely  contact  with  Alq  in  dip-coated  film  of  their 
mixture,  the  similar  phenomena  .such  as  red  shift  and  widening  have  been  observed  in  the  PL 
emission  too.  The  absorption  of  mixed  film  shows  no  new  species  appears  when  Alq  and  HTL 
materials  contact  clo.sely. 


Keywords  organic;  electroluminescence;  hole  transport  material;  exciplex 


1.  INTRODUCTION 

Organic  light  emitting  diodes  (LED)  have  been  widely  studied  in  the  past  decade  since 
Tang  and  his  co-workers  published  their  work  (1,  2).  They  have  shown  a  potential 
application  in  flat  panel  display  and,  as  widely  considered,  will  be  in  use  in  the  near 
future.  In  addition  to  the  advantages  in  fabrication  and  application,  organic  LED  attracts  a 
lot  of  physics  and  chemistry  .scientists  to  study  its  complex  electroluminescent 
mechanism. 

In  organic  LED,  a  hole  transport  layer  (HTL),  mostly  a  derivative  of  triphenylamine, 
is  used  to  enhance  the  emission  from  the  emissive  electron  transport  layer,  normally  a 
chelate  of  tris-8-hydroxyquinoline  aluminum  (Alq).  The  HTL  is  believed  to  increase  the 
hole  injection  from  anode  contact  and  to  form  an  electron  block  barrier  at  the  interface  of 
the  two  organic  layers  to  increase  the  recombination  efficiency  with  the  electron  injected 
from  cathode  contact.  4,4’,4'’-tris  (3-methyI-phenylphenylamino)  triphenylamine  (m- 
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MTDATA)  (3.4.5).  and  N.N -bis-(l-naphhyl)-N.N-diphcnyl-!.r-biphcnyl-4,4'’-dianninc 
(NPB)  (6.7.8)  arc  widely  used  as  HTL  due  lo  their  high  glass  translate  temperature  and 
stability. 

When  in-MTDATA  was  used  as  HTL  in  double  layer  devices,  a  yellow  exciplex 
emission,  generated  from  the  excited  state  of  Alq  and  the  ground  state  of  m-MTDATA. 
has  been  observed  (9,10).  But  the  influence  of  NPB  on  the  clectrolumine.scent  (EL) 
emission  of  devices  has  not  been  reported,  to  the  best  of  our  knowledge.  We  found  in 
devices  with  NPB/Alcj  contact,  a  clear  blue  shift  comparing  lo  the  green  emission  of  Alq, 
and  a  red  shift  in  the  devices  with  m-MTDATA/Aiq  contact.  In  PL  spectra  of  dip  coated 
films  of  mixed  Alq  and  HTL  material,  similar  emission  have  been  observed  in  Alq/m- 
MTDATA  mixture  while  no  significant  change  has  been  observed  in  Alq/NPB  mixture. 
This  paper  will  report  the  changes  of  EL  emission  of  the  devices  with  NPB/Alq  and  m- 
MTDATA/Alq  contacts  and  PL  emission  of  films  of  mixed  HTL  and  emissive  material. 


11.  EXPERIMENTAL 

The  devices  are  made  according  to  the  following  steps.  On  a  sufficiently  cleaned  ITO 
coaled  glass,  in  the  same  vacuum  chamber,  the  organic  HTL  materials  m-MTDATA 
(Syntec  GmbH  ST627)  and  NPB  (Syntec  GmbH  .ST  16/7)  are  deposited  on  different  zones 
separately.  Then  the  emissive  material  Alq  (synthesized  by  us)  is  deposited  on  top  of  the 
different  HTL  layers.  The  thickness  of  organic  layers,  measured  and  controlled  by  Sycon 
Instruments  STM- 1 00  thicknc.ss/ratc  monitor,  arc  4()nm  rc.spectively.  The  deposition  rale 
is  about  0.2  iim/sec.  The  metal  aluminum  (200nm)  is  finally  deposited  on  the  Alq  layer: 
thus  two  devices  with  different  HTL  arc  made  on  one  substrate  at  almost  the  same 
cx)nditions. 


LED!  LED2  LED.T  LED4 

Figure  I :  the  molecular  structures  of  materials  and  the  diagrams  of  LED  devices 

The  structures  of  two  devices  are  ITO/m-MTDATA/Aiq/Al  (LEDl)  and 
ITO/NPB/Alq/AI  (LED2)  (see  figure  1).  For  comparison,  two  triple  layer  devices  with 
structure  ITO/m-MTDATA/NPB/Alq/Al  (LED3)  and  ITO/NPB/m-MTDATA/Alq/Al 
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{LED4)  arc  made  under  similar  condition.  The  LED  devices  are  encapsulated  with  glass 
covers  by  epoxy  adhesive  in  nitrogen  atmosphere. 

Single  films  of  Alq,  m-MTDATA,  NPB,  and  bilayer  films  of  m-MTDATA/Alq  and 
NPB/Alq  are  vacuum  deposited  for  measurement  of  photoluminescent  and  absorption 
spectra. 

On  the  other  hand,  thin  films  of  Alq,  m-MTDATA,  NPB,  mixture  of  m-MTDATA  and 
Alq  (1:1  molecular),  and  mixture  of  NPB  and  Alq  are  dip  coated  on  the  quartz  for 
measurement  of  the  absorption  and  PL  spectrum,  too. 

The  photoluminescent  (PL)  spectra  of  the  vacuum  deposited  films  (40nm,  same  as  that 
in  the  devices)  and  the  dip-coated  films  are  measured  by  a  Czery-Turner  SPEX  1704 
spectrometer  with  a  Hamamatsu  928  photo-multiplier,  with  excitation  at  360nm.  The 
electroluminescent  (EL)  spectra  of  devices  are  also  measured  by  Czery-Turner  SPEX 
1704  spectrometer  with  a  Hamamatsu  928  photo-multiplier,  driving  by  a  self-made  direct 
power  supply.  The  absorption  ,speclra  of  the  vacuum  deposited  films  and  dip-coated  films 
are  measured  with  a  Shimadzu  UV-2100  UV-visible  recording  spectrophotometer.  All 
the  measurements  are  carried  out  at  ambient  atmosphere  and  room  temperature. 

III.  RESULTS  AND  DISCUSSIONS 
I .  Changes  of  EL  Spectra  of  Devices  with  Different  HTL 

Figure  2  shows  the  EL  spectra  of  the  four  LED’s  and  also  the  PL  of  Alq  single  layer  film. 
The  LEDl  with  m-MTDATA  as  the  HTL  is  greenish  yellow  and  its  emission  band  is 
much  wider  than  the  emission  of  Alq  single  layer  film.  The  emission  has  the  center  peak 
at  about  545nm  (2.26eV)  when  driven  at  14  Volts,  the  full  width  at  half  maximum 
(FWHM)  of  the  emission  being  0.53eV,  wider  than  the  0.44eV  of  PL  emission  of  Alq. 
The  LED2  with  NPB  as  the  HTL  gives  green  emission  centered  at  516nm  (2.40eV),  a 
blue  shift  comparing  to  the  emission  centered  at  525nm  (2.36eV)  of  PL  of  Alq  single 
layer.  The  FWHM  of  emission  of  LED2  is  about  0.44eV,  almost  same  as  that  of  an  Alq 
single  layer. 


Fijzurc  2.  Electrolumine.scent  spectra  of  four  LED  devices  driven  at  14  volts  and  PL  spectrum  of  Alq  film 

To  avoid  the  direct  contact  between  m-MTDATA  and  Alq  in  LEDl,  we  insert  a  NPB 
layer  between  them  (LED3).  The  EL  emission  band  is  almost  the  same  as  that  of  LED2. 
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When  we  insert  an  m-MTDATA  layer  between  NPB  and  Alq  in  LED2  to  make  LED4. 
we  get  an  emission  exactly  same  as  that  of  LEDl.  as  shown  in  figure  2. 

Frcnn  figure  2.  one  can  sec  that  the  same  emission  come  from  the  same  HTL/EML 
interlace,  Tlial  means  in  these  double  layer  devices,  the  emissions  arc  from  that  interface 
and  depend  only  on  the  HTL  materials  in  contact  n  EML. 


2.  EL  Spectrum  Variation  with  the  Applied  Voltage 

We  found  the  EL  .spectra  of  the  devices  with  m-MTDATA/Alq  contact  vary  with  driven 
voltage.  It  shifts  from  fi70nm  (2.17eV)  to  545nm  (2.28eV)  when  the  driven  voltage 
increases  from  8V  to  14  volts.  On  the  other  hand,  the  EL  spectra  of  devices  with 
NPB/Akj  interface  do  not  change  their  peak  at  516nm  (2.40eV)  when  increasing  the 
applied  voltage.  Figure  3  shows  the  emissions  of  LEDl  and  LED2  at  different  driven 


voltage.  For  the  device  LED4  with  NPB/Alq  contacts,  no  significant  change  has  been 


observed,  loo. 

For  the  LEDl,  as  discussed  above,  the 
wide  emission  band  is  composed  of 
emission  of  bulk  Alq  layer  near  the  m- 
MTDATA/Alq  interface  and  exciplex 
emission  at  the  same  interface.  When  the 
applied  voltage  is  increased,  more  holes  and 
electrons  are  injected  into  the  organic  layers 
at  two  organic/elcctrode  contacts, 
respectively.  So.  except  the  exciplex 
emission  at  the  interface,  more 
recombination  will  occur  in  the  Alq  bulk 
layer  and  hence  emission  in  the  bulk  Alq 
layer  increases. 

In  the  LED2,  the  emission  is  generated 
mtiinly  from  the  Alq  layer  near  the 
NPB/Alq  interface.  No  exciplex  is  observed 
and  the  center  peak  is  in.scnsitive  to  driven 
voltage.  The  origin  of  the  40mcV  shift  to 
higher  energy  compared  with  the  Alq  PL 
requires  further  work 


Energy 

Fiiiurc  3.  EL  .spccira  ot  LEDl  and  LED2  at 
different  applied  voltage 


3.  PL  Spectra  of  Mixture  Films 

To  check  the  interaction  between  two  HTL  materials  and  Alq,  we  measured 
photolumincscent  spectra  of  dip-coated  m-MTDATA  (D),  NPB  (N).  Alq  (A)  films,  m- 
MTDATA  and  Alq  mixture  film  (m-MTDATA+A!q.  namely  D+A).  and  NPB  and  Alq 
mixture  film  (NPB+A!q.  namely  N+A).  as  shown  in  figure  4.  We  found  that  the 
emissions  of  both  m-MTDATA  and  Alq  are  quenched  and  an  emission  band  similar  to 
the  emission  of  LED!  is  observed  in  m-MTDATA+Alq  mixture  film.  For  NPB+Alq 
mixture  film,  emi.ssion  quench  is  al.so  observed  but  the  emission  is  similar  to  the  emi.ssion 
of  Alq  film  it, seif.  One  can  see  the  .spectra  of  m-MTDATA-t-Alq  mixture  films  is  a  little 
wider  than  the  Alq  film  and  the  center  peak  is  changed  from  520nni  (2.38eV)  of  Alq  film 
to  330  nm  (2.33eV).  It  can  be  seen  that  the  emission  band  of  the  mixed  film  is  composed 
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of  the  emission  band  of  Alq  and  the  exciplex  emission  at  m-MTDATA+Alq  interface  and 
the  Alq  layer. 

The  figure  4  shows  also  the  PL 
spectra  of  the  bilaycr  films  that  are 
the  same  as  those  in  the  bilayer 
devices.  We  can  see  that  the  bilayer 
films  do  not  give  any  new  emission 
except  an  emission  band  of  HTL  with 
a  shoulder  of  emission  of  Alq  at  lower 
energy  side.  The  bilayer  film  m- 
MTDATA/Alq  shows  a  .superposition 
ol  the  band  centered  at  2.9  leV 
corresponding  to  the  emission  of  m- 
MTDATA  and  the  band  at  2.36eV 
corresponding  to  the  Alq.  The  bilayer 
film  NPB/Alq  emits  a  main  band  with 
center  peak  at  2.88eV  with  a  small 
shoulder  at  2.36eV  of  Alq.  When 
excited  by  photons  with  energy  which 
only  excite  Alq  (2.95eV),  both  bilayer 
films  only  emit  a  band  centered  at 
2.36eV,  which  is  same  as  the 
emission  in  the  single  layer  Alq  film. 

Thus  the  shift  in  EL  to  higher  energy 
can  not  be  connected  with  .some  new 
levels  induced  at  the  interface.  So  far 
we  have  not  any  explanation  for  this 
blue  shift  of  the  EL.  and  further  study 
will  be  carried  out. 

4.  Absorption  Spectra  of  the  Mixture  Films 

We  measured  the  absorption  spectra  of  dip-coated  films  of  the  above  mixtures  of  m- 
MTDATA-t-Alq,  NPB-t-Alq,  and  evaporated  bi layer  films  of  m-MTDATA/Alq  and 
NPB/Alq,  as  shown  in  figure  5.  By  fitting  the  absorption  spectra  of  the  bilayer  films  and 
the  mixture  films,  we  can  see  that  no  new  emi.ssion  band  appears.  However  quenching  in 
ab.sorption  at  higher  energy  of  both  HTL  and  emissive  materials  in  the  mixture  films  is 
ob.served.  This  indicates  that  there  is  not  any  new  species  produced  in  the  mixture.  It  is 
clear  that,  for  the  biluyer  film,  the  absorption  is  a  linear  supposition  of  two  components 
but  for  the  mixture,  however,  only  in  the  lower  energy  side,  the  absorption  is  the  sum  of 
those  of  the  components.  The  absorption  bands  at  higher  energy  side  of  both  HTL  and 
EML  materials  are  quenched. 


Figure  4.  The  photolumincscent  spectra  of  the  dip-coated 
films  and  the  vacuum  deposited  films.  The  dip-coaied 
films  are  those  of  m-MTDATA  (D),  NPB  (N),  Alq  (A) 
and  their  mixture  m-MTDATA+Alq  (  D+A)  and 
NPB+Alq  (N+A).  The  vacuum  deposited  films  are  single 
layer  films  of  D,  N  and  A,  and  the  bilayer  films  of  D/A 
and  N/A. 
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Fijjurc  5.Thc  ahsorplion  spectra  nt  the  dip-coated  mixture  films  m-MTDATA  and  Aiq  (D-t-A).  NPB  and 
Ak]  (N-i-A).  comparing  witli  those  of  deposited  bilaycr  films  D/A  and  N/A,  latter  can  be  well  fitted  by 
simple  superposition  of  absorption  of  the  components. 

rv.  CONCLUSIONS 

From  the  EL  spectra  of  four  organic  LED  devices,  we  concluded  that  the  emission  is 
generated  at  the  hetcrojiinction,  namely  the  direct  contact  of  Alq  with  hole  transport 
material,  such  as  the  m-MTDATA/Alq  contact  in  LEDl  and  LED3.  and  the  NPB/Alq 
contact  hi  LED2  and  LED4.  For  the  m-MTDATA/Alq  contact,  the  exciplex  emission  is 
clearly  observed  in  both  EL  and  PL.  while  for  the  NPB/Alq  contact,  a  blue  shift  is 
measured  in  EL  but  not  in  PL.  The  origin  of  the  blue  shift  in  the  emission  of  devices  with 
NPB/Alq  contact  has  not  been  previously  reported  and  is  currently  under  further  study. 
The  absorption  spectra  of  mixtures  of  HTL  materials  and  Aiq  show  that  no  new 
absorption  appears,  indicating  that  there  is  no  new  in  the  system. 
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ABSTRACT 

A  single  wavelength  electro-optical  reflection  technique  was  used  to  study  the 
creation  of  space  charge  distributions  in  an  aluminium/polymer/indium  tin  oxide  light 
emitting  diode  by  monitoring  the  third  order  nonlinear  optical  response  of  the  electro¬ 
luminescent  layer.  The  polymer  is  a  derivative  of  poly(p-phenylene-vinylene)  in 
which  oxidiazole  groups  were  grafted  as  side  chains.  TTie  measured  signal  is  strongly 
influenced  by  space  charge  distributions  and  by  electro-static  screening  in  the  organic 
layer.  The  space  charge  distribution  is  the  superposition  of  a  stable  one  close  to 
indium  tin  oxide,  and  of  a  slowly  changing  one  due  to  carriers  injected  in  the  polymer 
film.  Taking  into  account  Debye-Huckel  screening,  with  screening  length  X=100run, 
we  estimated  the  density  of  the  s^ble  distribution  to  be  po=1.5-10^'’  m'^,  for  a  uniform 
distribution  in  a  1  lOnm  thick  layer.  The  influence  of  carrier  injection  on  the  electro¬ 
optic  signal  results  to  be  ten  times  smaller  than  that  of  stable  charge. 

Keywords  electroluminescence;  electro-optics;  polymer;  electroabsorption;  OLED 


1.INTRODUCTION 

In  the  past  few  years,  the  applications  of  organic  molecular  and  polymeric  compounds 
in  light  emitting  devices  have  drawn  much  interest^  Since  the  &st  observation  of 
electroluminescence  in  a  poly(phenylene-vinyIene)  (PPV)  based  device  in  1989,  a 
great  number  of  papers  appeared  dealing  with  various  PPV  derivatives,  charge 
injection  from  electrodes  and  device  geometrical  configurations^.  However,  it  is  not 
until  recently  that  the  mechanisms  of  charge  injection,  transport,  and  eventually 
trapping  in  the  organic  layers  were  shown  to  limit  device  performance.  Many  reports 
confirm  the  partially  reversible  creation  of  space  charge  (SC)  distributions  in  organic 
devices  upon  ^plication  of  a  bias  voltage^.  There  is  not,  however,  consensus  on  the 
origin  of  such  charges,  that  is  whether  they  should  be  attributed  to  ions,  trapped 
carriers  or  dipolar  species.  Very  recently  it  was  shown  that  charge  transport  and 
luminescence  can  be  strongly  influenced  by  ionic  SC  distributions  in  polymer  LEDs'*. 
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Here,  we  investigated  a  PPV  derivative  with  electron-deficient  oxadiazole  sidechains 
covalently  linked  to  PPV  backbones  (OXAIPPV)  as  shown  in  the  inset  of  Figure  1. 
This  molecular  design  strategy  has  been  shown  to  improve  the  EL  device 
performance  for  single-layer  LEDs  with  air-stable  Al  cathodes  compared  to  similar 
PPVs  with  electrically  inactive  alkyl  sidechains*.  TTie  external  quantum  efficiency  for 
OXAIPPV  has  been  shown  to  be  about  ten  times  higher^ 

2.EXPERIMENTAL 

The  OXAl-PPV  was  dissolved  in  1,1,2-tetrachloroethanc  and  spun  on  glass  substrates 
previously  coated  v^ith  an  indium  tin  oxide  (ITO)  transparent  anode,  with  a  sheet 
resistance  of  about  20  Q/n.  The  thickness  of  the  OXAl-PPV  films  is  h=285nm.  The 
films  were  finally  coated  with  an  evaporated  1 500 A  thick  aluminium  cathode.  The 
current/voltage  characteristic  was  measured  in  dark,  showing  that  charge  transport 
follows  a  trap  charge  limited  power  law®  with  an  exponent  m=2^6.  The  creation  of 
SC  distributions  leads  to  a  hysteresys  when  cycling  the  bias  voltage  between  positive 
and  negative  values,  similar  as  what  have  been  reported  for  other  PPV  derivatives’  *. 
Due  to  the  relatively  large  thickness,  electro-luminescence  was  not  observed. 

We  used  a  polarisation  sensitive 
single  wavelength  electro-reflectan¬ 
ce  experimental  technique®  in  order 
to  check  the  presence  of  SC  dis¬ 
tributions  in  OXAl-PPV.  The  tech¬ 
nique  is  an  elhpsometric  evolution 
of  the  standard  electro-reflectan¬ 
ce  it  is  more  satisfying  in  selec¬ 
ting  interface  and  bulk  contribu¬ 
tions  than  other  common  techni¬ 
ques,  such  as  electro-absorption  for 
example.  The  experiment^  set-up 
is  sketched  in  Figure  1.  A  laser 
beam  at  X=632.8  nm  is  impinging 

on  the  sandwich  structure  from  the 
glass  side,  at  an  angle  a.  Before 
incidence,  the  beam  is  polarised  (P) 
with  equal  p  and  s  components, 
whose  relative  phase  %  can  be 
changed  by  means  of  the  liquid 
crystal  phase  retarder  (C).  After 
reflection  the  beam  is  analysed  by  a 
cross  polariser  (A)  and  its  power  is 
detected  by  a  silicon  photodiode  (PD2).  Upon  application  of  the  voltage 
=  Kur  +  cosfOij  to  the  electrodes,  the  reflected  intensity  can  be  modulated  at  n 

and  due  to  either  a  phase  or  an  amplitude  modulation  of  the  p  and  s  components. 
In  the  case  of  a  disordered  polymer,  the  modulation  can  be  attributed  to  the  bulk 
complex  third  order  nonlinear  response  (Kerr  electro-optic  effect  and  electro-absorp¬ 
tion)  as  well  as  to  modulation  of  the  reflectance  of  the  ITO/polymer  interface  due  to 
locally  induced  changes  of  the  polymer  refractive  index*. 


Figure  1  -  Experimental  set-up.  (BS)  beam  splitter, 
(P)  input  polariser,  (A)  analyser,  (C)  voltage  driven 
liquid  crystal  compensator,  (Li,  ULs)  focusing 
optics  (fi“200mm,  f2=70mm,  fs-SOmm),  (S) 

diaphragm  used  to  extinguish  multiple  reflections 
from  the  glass  substrate,  (PDl,  PD2)  input  and 
output  silicon  photodiodes.  The  input  laser  beam  is 
produced  by  a  low  power  He-Ne  polarised  laser.  In 
the  inset  the  chemical  structure  of  the  OXAIPPV  is 
shown.  Inset:  chemical  structure  of  OXAIPPV. 
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The  average  reflected  power  is  given  by; 

where  Pq  is  the  input  power,  0  and  are  defined  by  r/rs=tan(0)e  and  are 
the  reflection  coefficients  for  the  p  and  s  polarisations.  Taking  into  account  only  bulk 
effects,  the  power  modulation  at  i?  and  2/2upon  application  of  V(t)  is  given  by: 

P„(0)^  A{a)- P„ )■  w«(4>)- +  'P, )+  8 .  (2) 

P„(2n)  = 

=  ^Aia^Polr^l^  •  Fj  +V'^)+  ^  ^ 


where  zi^  is  the  main  third  order  susceptibility  tensor  component  (z  is  the  stacking 

direction)  for  the  weakly  anisotropic  polymer  film''.  P,  =^iE^(z)Ejz)dz  and 

0 

Fj  =  iEi(z)ct  are  overlap  integrals  along  the  polymer  thickness.  EU^)  is  due  to  Fw 
0 

E/z)  is  due  both  to  Voff,  to  the  Fj,,  given  by  the  difference  of  the  work  functions  A0  of 
A1  and  ITO  {Vti-A0./e  =  -0.5V)  and  eventually  to  charges  in  the  OXAIPPV  film. 
For  a  perfect  and  charge-free  insulator  r,  and  reduce  to  and 


r2=vi^/h  and  Ejz)  =  v^/h, 
E.  (2) = )/  *  •  Neglecting 
multiple  reflections®  in  the  sand¬ 
wich  and  in  the  low  birefringence 
approximation. 


where  ko  is  the  vacuum  wave- 
number  and  n  is  the  linear  refractive 
index.  Measurements  performed  for 
a  e  [20°,  65°3  show  that  eqn.  (4)  is 
a  first  order  approximation  and  that 
multiple-reflection  interference  ef¬ 
fects  cannot  be  neglected.  However 
we  overtook  the  problem  by 
performing  independent  measure¬ 
ments  at  O  and  2/3  for  the  same  a 
and  eliminating  A(a)  from  eqns.  (2) 
and  0). 

In  Figure  2,  we  report  ellipsometric 
measurements  by  plotting 


0  04  0.8  t.2 


V^tVl 

Figure  2  -  Hectio-optic  measuremenls  for  a  285nm 
thick  OXAl-PPV  film.  Data  were  obtained  for 
Vm<t=3V ,  a=3CP,  ^2/2ji=2680Hz,  T-T,oan  and  for  the 
following  values  ofV„^:(»)-6V,(«)-4V,(V)- 
2V,  (  *  )  OV,  (  ♦  )  +2V,  (  ©  )  +4V,  (  +  )  +6V.  The 
solid  lines  are  the  fits  with  the  Eqs.  (1)  and  (2).  In 
the  inset  the  transient  signed  time 

dependence  is  shown,  when  switching  Vgff  from 
+7V  to  -7V.  Inset:  tempoT^d  dependency  of  the 
signal  measured  in  one  bias  point. 


v^^{f2:yf',)  versus  proportional  to  and  measured 
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respectively  by  a  lock-in  amplifier  and  a  voltmeter  connected  to  the  photodiode,  for 
several  different  .The  curves  were  obtained  for  fixed  values  of  V„od=3V,  a=30° 
T^SOQ  K,  Q/2jx=1680Hz\  F^^was  scanned  between  -6V  (uppermost  curve)  and  +6V 
(lowest  curve).  The  expected  ellipse,  as  given  by  Eq.(l)  and  (2),  is  observed.  The 
aperture  of  the  ellipses  is  due  to  Re(z^^ },  while  the  slope  should  be  due  to  ) 

bulk  effects;  in  practice  the  slope  si^l  is  heavily  affected  by  the  modulation  of  the 
ITO/OXAIPPV’  interface  reflectivity,  triggered  by  the  Kerr  effect  and  charge 
injection,  which  is  difficult  to  model  theoretically'^.  Fitting  the  ellipses  one  can  gel 
the  value  of  their  aperture,  neglecting  the  slope  contribution;  as  a  matter  of  fact  it  is 
sufficient  to  measure  the  signals  in  the  two  bias  points  and 

evaluate  the  quantities: 


(5) 

(6) 


in  order  to  extract  the  information  on  /),  and  Re(^^^). 

In  Figure  2  we  observe  that  there  is  a  signal  for  V^g^O  and  that  it  vanishes  for  V^g  as 
high  as  about  +7V,  much  higher  than  the  -V^i  predicted  by  the  Eq.  (2)  for  a  perfect 
and  charge  free  insulator.  Such  result  suggests  that  a  very  stable  SC  distribution 
p(z,t;Vo^  exists  in  the  polymer  film,  giving  rise  to  an  additional  Ef/z,t).  However  such 
assumption  is  not  sufficient  as  for  V^g  +  =  t?,  in  a  perfect  insulator  and  if 

p(z,t;V„^  is  slowly-varying  with  respect  to  v^cosfntj.  This  last  assumption  is 
Justified  by  transient  electro-optic  measurements  and  by  measurements  as  a  function 
of  As  an  example,  in  the  inset  in  Figure  2  we  report  the  measurement  of 
as  function  of  time,  obtained  by  switching  Vt,g  from  +7V  to  -7V  at 

300K;  the  dynamics,  due  to  the  assessment  of  a  stationary  p(z,ooiVog),  show'  time- 
scales  in  the  10^  s  range.''’ 

It  is  then  necessaiy  to  take  into  account  an  additional  mechanism  giving  rise  to  the 
large  offset.  Supposing  that  the  large  amount  of  polarisable  oxidiazole  side-chains  in 
the  material  gives  rise  to  electrostatic  Debye-Hiickel  screening  with  characteristic 
length  A,  both  the  Ef^iz)  and  Ei(z)  profiles  in  the  active  film  are  distorted;  E„(z)  is 
stronger  close  to  the  electrodes  and  acts  as  a  weighting  function  for  Es(z)  in  T;.  In  a 
simplified  analytical  model,  considering  a  space  charge  distribution  of  thickness  6 
close  to  ITO  with  an  uniform  density  p(t;Vog)2s\'d.  screening,  we  obtain: 


=  +  and 


where: 


r,.K  ^ 


(7) 


.£I£l± 

4  A  ’ 


+2je-‘ 


^22  A  22' 
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The  Eqns.(7)  show  that  the  condition  r,=0  can  be  shifted  by  V^h,  justifying  what 
observed  in  Figure  2.  In  the  model  the  p( LT^jis  the  sum  of  a  very  stable  po,  due  to 
fixed  charges,  and  of  a  slowly  varying  p,„j(  due  to  mobile  charges  injected  in 
the  film.  A  stationary  p(co;  Vo^  can  be  assumed  if  Vog  is  kept  constant  long  enough  to 
exhaust  the  transients.  Such  circumstance  leads  to  the  fact  that  when  the  S^grrC-Q)  vs 
K#  characteristic  is  measured  (figure  3,  (V))  the  differential  slope  is  changing  during 
the  scan  (relaxed  method),  due  to  the  variation  of  p(<x>;VbiaJ  between  adjacent 
stationary  states,  as  observed  in  electro-absorption  measurements  too‘^.  In  order  to 
deal  with  a  constant  SC  distribution  we  performed  the  measurement  in  the  following 
way  (flash  method):  the  sample  is  biased  at  I4i„  and  a  stationary  SC  distribution 
p(oo;  Vbias)  is  created  in  the  film;  the  offset  voltage  is  switched  at  fixed  time  intervals 
to  Voff  and  kept  at  this  level  for  the  time  of  a  measurement,  which  is  sufficiently  short 
to  hinder  relaxation;  measurements  are  performed  in  the  two  bias  points  and  are 
repeated  for  several  values  of  e[-7V,+7V].  The  dependence  of  SKerXf^  on  K#, 
shown  in  Figure  3  (  ■ 
and  •)  for  a=50°  and 
for  two  different 
positive  Vbias,  is  now 
linear,  as  expected  from 
eqn.  (7).  The  relatively 
weak  dependence  of  the 
zero  crossing  point  on 
Vbias  indicates  that  the 
effect  of  Po  is  definitely 
larger  than  that  of 

Pin/oo;  Vbias)-  The  curves 
approach  the  curve  ob¬ 
tained  with  the  relaxed 
method  when  Vog  equa¬ 
tes  the  fixed  Vbias  for 

each  of  them.  When 
fitting  data,  the  pre-fac¬ 
tor  in  eq.5  can  be 

obtained  from  an  inde¬ 
pendent  measurement 
of  Sx;trr(2^2);  as  an 

example,  in  the  inset  of 
Figure  3,  the  measu¬ 
rement  of  SKtrr(2fi)  vs 
Vmod,  for  the  same  a,  is  reported;  the  parameter  a{a)=  A{a)—^ — —  can  be 

J+tan^<P  h 

estimated  from  the  fit  and  introduced  in  Eq.5,  that  becomes  Sf^„{/2;a)=4—^(a)  r, . 

Assuming  ^=110nm  and  fitting  data  for  three  different  a  (40®,  50°,  60°),  we  obtain 
/7of(L5±0.5)*10’*  cm*^  and  /l=100nm.  The  order  of  magnitude  of  the  X  value 
estimated  from  the  measurements  is  such  that  screening  is  weakly  influencing 
Sf',rr(2£2)  {k»1.06  for  k=100nm),  although  is  changing  dramatically  the  behaviour  of 


Figure  3  -  Dependence  of  SKtrr(f^  on  in  a  flash  measurement. 
Data  were  obtained  for  V„^~3V  ,  op=50^,  Q/2x=1680Hz,  T=Tream 
and  for  the  follow*ing  values  of  Vi„a, :  (  ■  )  +3.5  V,  (  •  )  +7V;  the 
solid  lines  are  the  theoretical  fits  obtained  with  S  =110nm, 
A^lOOnnv  and  respectively  po*1.310**  cm-3  <md  p(j»'1.5-10i*  cmA 
With  (  V  )  data  obtained  in  a  relaxed  measurement  are  shown; 
each  point  is  obtained  waiting  20'  after  changing  Vgff.  In  the  inset 
a  measurement  of  SK,tr(2n)  vs  Vmd  is  shown  for  the  same 
parameters  settings,  from  which  Sfa)  was  extracted.  Inset: 
quadratic  dependency  of  the  signal  at  2D. 
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^Ktr/^)  as  seen.  Once  k  is  evaluated  it  is  possible  to  work  out  a  value  for  Re(z^J^ ) 
from  data  reported  in  the  inset  in  figure  3;  we  obtain  Re( z^J^)=(4jrjj  in  good 

agreement  with  values  found  for  other  polymers  of  the  PPV  family^. 

In  conclusion  we  report  here  the  interpretation  of  the  electro-optic  measurements  on 
an  oxadiazole-containing  electroluminescent  polymer  films.  We  demonstrated  that  the 
large  offset  of  the  measurement  is  due  to  both  the  space  charge  distributions  in  the 
film  and  Debye-Hiickel  screening.  A  fixed  charge  distribution  is  created  close  to  the 
ITO  electrode  giving  rise  to  a  strong  counter  field  at  the  surface,  of  the  order  of  10* 
V/m,  which  can  affect  the  electroluminescence  efficiency.  Once  calibrated  the 
experimental  set-up,  operating  in  the  two  bias  points,  it  is  will  be  possible,  in  further 
investigations,  to  perform  fast  electro-optic  measurements  as  a  function  of  time  and 
temperature  in  order  to  investigate  dynamics  of  charge  injection  and  ejection  in  the 
polymer  layer. 
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The  electronic  properties  of  the  oi^anic  layers  and  the  interfaces  in  Organic  Light  Emitting  Diode 
(OLED)  structures  were  studied  by  impedance  spectroscopy.  To  control  the  effect  of  gas  contam¬ 
ination,  the  measurement  was  done  in  Ultra-High-Vacuum  (UHV)  and  the  results  were  compared 
with  those  measured  in  air.  Impedance  features  probably  related  to  a  depletion  region  at  the  in¬ 
terface,  which  were  observed  in  air,  were  not  detected  in  UHV.  The  existence  of  atmospheric 
gas  strongly  influences  the  interface  performance  of  OLEDs,  contributing  to  the  formation  of  an 
interfacial  layer. 

Keywords:  OLED,  Organic,  Electroluminescence,  Impedance  Spectroscopy. 


1.  INTRODUCTION 

Although  remarkable  progress  has  been  achieved  in  recent  years  towards 
the  optimization  of  the  performance  of  Organic  Light  Emitting  Diodes 
(OLEDs),  the  knowledge  of  the  electronic  properties  of  the  organic  lay¬ 
ers  and  interfaces  in  the  OLED  structure  is  still  insufficient. 

In  order  to  better  understand  the  electronic  properties  of  OLEDs,  we 
use  impedance  spectroscopy,  which  allows  the  investigation  of  the  fre¬ 
quency  dependence  of  the  complex  impedance  of  the  device.  It  also  al¬ 
lows  us  to  find  the  equivalent  circuit  of  the  individual  OLEDs  and  study 
the  existence  of  a  depletion  layer  at  the  interface. 

Our  research  goal  is  to  study  the  electronic  properties  of  OLEDs,  to 
obtain  information  on  the  internal  device  structure  as  well  as  the  be¬ 
haviour  of,e.g,,  the  metal/organic  interface.  To  this  aim,  we  have  grown 
the  layered  structure  in  a  controlled  way  by  molecular  beam  deposition 
in  a  Ultra  High  Vacuum  (UHV,  pressure  below  10"®  mbar).  Since  the 
UHV  system  is  also  equipped  with  an  electrical  measurement  chamber. 
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we  can  measure  the  electrical  characteristic  of  freshly  fabricated  devices 
which  never  entered  into  contact  with  any  impurity  gas.  Thus  we  can 
truly  exclude  the  effect  of  air/gas  contamination. 

In  the  following  we  present  what  we  believe  is  the  first  impedance 
spectroscopy  data  on  OLEDs  which  were  both  fabricated  and  character¬ 
ized  in  a  UHV  environment. 


2.  EXPERIMENTAL 

We  fabricated  single  layer  devices  (ITO/Alq^/M,  where  M  stands  for  Mg, 
Ag,  or  Ag/Mg)  on  a  photolithographically  patterned  Indium  Tin  Oxide 
(ITO)  glass  substrate.  Alqs  was  deposited  onto  ITO  at  a  deposition  rate 
of  0.3  nm/s.  The  thickness  of  the  Alqs  layer  (80  nm)  was  controlled  by 
a  temperature  stabilized  quartz  micro  balance.  The  metal  cathode  (about 
100  nm)  was  evaporated  successively  onto  Alq3. 

The  samples  were  then  contacted  in  the  UHV  system,  and  the  impedance 
as  a  function  of  the  frequency  of  the  applied  voltage  was  measured  with 
a  programmable  impedance  analyzer  (Hewlett-Packard,  HP  4129A).  For 
all  measurements,  we  applied  an  AC  voltage  of  0.1  V  with  various  bias 
voltages  and  in  the  frequency  range  between  10  Hz  and  10  MHz. 

3.  RESULTS  AND  DISCUSSION 

Figure  1(a)  shows  the  real  part  Re(Z)  of  the  complex  impedance  Z  of 
an  ITO/Alqs/Mg  device  at  different  bias  voltages.  The  dots  represent  the 
experimental  data,  and  the  solid  curve  a  theoretical  fit.  The  real-part  of 
the  complex  impedance  at  low  frequency  decreases  for  increasing  bias 
voltages,  as  expected.  The  instabilities  observed  at  low  (/  <  1  kHz, 

V  <  8  V)  and  high  frequency (/  >  100  kHz)  are  typical  of  measure¬ 
ments  performed  in  UHV.  Similar  instabilities  at  low  voltages  are  also 
observed  measuring  electroluminescence  in  UHV.  As  the  bias  voltage  in¬ 
creases  above  8  V,  the  threshold  voltage  for  LED  operation  is  reached, 
and  together  with  it,  the  maximum  value  of  Re(Z)  becomes  frequency- 
independent  (/  <  1  kHz).  This  corresponds  to  the  start  of  carrier- 
injection  at  the  electrodes.  At  bias  voltages  below  8  V  the  interface  is 
supposed  to  play  a  more  important  role  on  the  carrier  accumulation  and 


IMPEDANCE  SPECTROSCOPY  OF  ALQ3  B ASED-OLEDS 


481 


injection.  The  strong  frequency  dependent  of  complex  impedance  at  low 
frequency  can  be  assigned  to  an  interface  behavior  in  UHV.  As  will  be 
described  later,  this  region  appears  as  a  second  circuit  formed  by  the  in¬ 
terfacial  region  when  the  measurements  are  performed  in  air.  This  proves 
that  the  presence  of  atmospheric  gases  has  a  strong  effect  on  the  carrier 
injection  at  the  interface. 


FIGURE  1 :  (a)  Real  part  Re(Z).  and  (b)  Cole-Cole  plot  of  the  complex  impedance  Z  of  an 
nXi/Alqs/Mg  device  at  different  bias,  measured  in  UHV,  Solid  curves  and  dashed  curves  rep¬ 
resent  a  fit  using  the  impedances  calculated  with  1  and  2  resistance-capacitance  circuits  in  series, 
respectively.  The  amplitude  of  the  ac  modulation  is  0.1  V,  with  a  frequency  range  from  10  Hz  to 
10  MHz. 


Figure  1  (b)  displays  the  Cole  Cole  plots  (real-part  of  the  impedance 
vs.  imaginary  part)  of  the  same  device, in  a  double  logarithmic  plot. 
The  minimum  Re(Z)  value  observed  at  high  frequencies  corresponds  to 
a  resistance  Rs  in  series  with  the  OLED  (which  could  be  assigned  to  an 
ohmic  contact  at  the  ITO/Alqs  interface  [1]).  In  this  device,  Rg  is  about 
3101).  The  maximum  Re(Z)  value  at  low  frequencies  corresponds  to  the 
sum  of  Rs  and  the  OLED  resistance  {Rp),  which  is  bias  dependent  and  is 
of  the  order  of  100  Kf).  Although  a  model  using  2  circuits  gives  a  some¬ 
what  better  fit  at  0  bias  voltage  (Fig.  1(a)),  the  Cole-Cole  plot  basically 
displays  only  one  semicircle  for  this  UHV  measurement.  The  depletion 
region  due  to  the  energy  level  gap  at  the  Mg/Alqs  interface  is  supposed 
to  have  no  strong  effect  leading  to  the  establishment  of  a  new  circuit.  In 
this  environment,  therefore,  only  a  negligible  interfacial  capacitance  is 
observed.  The  results  (Fig.  1(a))  show  that  the  capacitance  Cp  of  the  bulk 
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layer  is  bias  independent  [2,3],  and  is  about  3.65  nF. 

When  the  device  is  brought  to  air,  totally  different  results  are  observed. 
They  are  displayed  in  Figure  2(a).  The  complex  impedance  is  stable  in 
the  air,  from  which  one  can  tentatively  conclude  that  the  presence  of  at- 
mo.spheric  gases  supports  a  smoother  carrier  injection  at  the  electrodes. 
In  contrast  to  the  results  in  UHV,  at  low  bias  voltage  we  observe  2  similar 
structures  in  the  real  part  plot,  while  only  one  of  them  remains  when  the 
bias  voltage  is  increased.  At  a  bias  voltage  lower  than  3  V,  the  plots  can 
be  well  fitted  by  an  equivalent  circuit  containing  2  circuits  in  series,  each 
with  a  resistance  and  a  capacitance  in  parallel,  plus  a  single  resistance  in 
series.  The  equivalent  circuit  is  sketched  in  the  inset.  At  high  applied 
voltage  (V  >  8  V),  the  results  can  be  well  fitted  by  using  a  single  resis¬ 
tance  and  capacitance  network.  At  bias  voltages  between  4  and  8  V,  both 
models  are  applicable,  but  the  model  using  2  circuits  still  gives  a  better 
fit,  as  shown  in  Fig.  2(a).  This  observation  can  also  be  readily  made  with 
the  Cole-Cole  plot  in  Fig.  2(b),  which  clearly  shows  two  semicircles  at 
low  bias  voltage.  One  semicircle  (/  >  1  kHz,Re(Z)<  lOKlI)  can  be  as¬ 
signed  to  the  organic  bulk  layer,  and  it  is  also  observable  when  the  device 
is  measured  in  UHV.  The  other  semicircle,  which  is  only  detectable  in  air, 
is  supposed  to  be  due  to  the  depletion  region  at  the  Mg/Alq^  interface.  It 
shows  a  strong  dependence  on  bias  voltage,  and  it  allows  an  initial  carrier 
accumulation,  before  injection  into  the  Alq.j  layer. 

From  the  above  results  it  is  clear  that  exposure  to  air  strongly  influence 
the  interface  performance.  It  may  also  give  an  answer  to  why  the  electro¬ 
luminescence  is  stronger  in  air  [4].  The  depletion  region  at  the  interface 
can  be  explained  in  two  different  ways.  A  first  possibility  is  the  gap  be¬ 
tween  the  metal  Fermi  level  of  Mg  and  the  lowest  unoccupied  molecular 
orbital  (LUMO)  of  Alqs.  When  the  two  materials  are  contacted,  this  gap 
will  lead  to  a  carrier  transfer  from  Mg  to  Alqa,  causing  an  “energy  band 
alignment”  at  the  interface.  Because  of  the  influence  of  atmospheric  gas 
at  the  interface,  a  Schottky  barrier  is  well  established,  which  will  eventu¬ 
ally  appear  as  new  impedance  feature.  The  second  possibility  is  related  to 
an  interfacial  layer  formed  at  the  Mg/Alq3  transition  because  of  diffusion 
of  Mg  into  the  the  Alq3  layer  [5,6],  forming  an  Mg-doped  Alq3  layer  at 
the  interface.  Atmospheric  O2  chemically  reacts  with  Mg  and  Alq3  and 
forms  the  interfacial  Alq3-Mg-02  layer  at  interface. 

To  further  elucidate  what  actually  forms  the  depletion  region  at  the 
interface,  two  devices  were  prepared.  The  first  one  used  an  Ag  cathode 
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FIGURE  2:  (a)  Real  part  Re(Z),  and  (b)  Cole-Cole  plot  of  the  complex  impedance  Z  of 
ITO/AIq.j/Mg  at  different  bias  voltages,  measured  in  air.  Solid  lines  and  dashed  lines  repre¬ 
sent  the  fit  of  corresponding  impedances  using  1  and  2  resistance-capacitance  networks  in  series, 
respectively.  The  inset  shows  this  equivalent  circuit. 


(about  90  nm  thick).  Ag  has  a  high  chemical  stability,  it  does  not  dif¬ 
fuse  into  Alqa,  and  has  a  higher  work  function  than  Mg,  which  could 
be  expected  to  create  a  high  interface  barrier  and  to  form  a  wide  deple¬ 
tion  region.  For  the  second  device,  a  thin  (2  nm)  Ag  layer  was  deposited 
on  Alqs  before  successively  evaporation  the  Mg  cathode  (100  nm  thick). 
Such  an  Ag  layer  effectively  blocks  diffusion  of  Mg  into  Alqs. 

The  measurement  in  UHV  were  very  similar  to  those  of  the  device 
with  an  Mg  cathode,  but  the  device  with  Ag  cathode  has  a  higher  thresh¬ 
old  voltage  for  electroluminescence,  and  the  one  with  the  inserted  2  nm 
Ag  layer  has  a  longer  lifetime  when  measured  in  air  [4].  The  measure¬ 
ments  in  air  are  shown  in  Fig.  3.  Both  devices  show  only  one  semicircle 
in  the  Cole-Cole  plot.  This  shows  that  the  Ag/Alqa  work  function  gap 
does  not  establish  an  interfacial  region.  Despite  the  presence  of  atmo¬ 
spheric  gases  at  the  Ag/Alqa  interface,  the  unreactive  Ag  can  not  pro¬ 
mote  the  creation  of  an  interfacial  layer,  which  results  in  a  lower  carrier 
accumulation  at  the  Ag/Alqa  interface.  The  insertion  of  a  thin  Ag  layer 
efficiently  hinders  the  inter-diffusion  of  Mg  and  Alqa,  and  it  also  does 
not  lead  to  the  formation  of  an  interfacial  layer  in  the  air.  In  conclusion, 
we  may  suppose  that  the  interfacial  Alq3-Mg-02  layer  at  the  interface 
contribute  to  the  appearance  of  interfacial  impedance  feature. 
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FIGURE  3:  Cole  Cole  plots  in  the  complex  impedance  plane  at  different  bias  voltages  for  (a) 
ITO/Alq.'i/Ag  ,  and  (b)  ITO/Alqs/Thin  Ag/Mg.  Both  measuremcnis  were  performed  in  air. 


4.  CONCLUSIONS 


We  have  presented  impedance  spectroscopical  measurement  performed 
on  ultra-clean  OLEDs  grown  and  characterized  in  an  UHV  system.  The 
results  show  an  instability  of  the  charge-injection  behaviour  in  devices 
which  never  entered  into  contact  with  any  atmospheric  gas.  The  presence 
of  impurity  gases  strongly  influences  the  charge-injection  performance  at 
the  electrode  interfaces  in  OLEDs. 
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BLUE  GREEN  LIGHT-EMITTING  ELECTROCHEMICAL  CELLS 
BASED  ON  A  COPOLYMER  DERIVED  FROM  FLUORENE 
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A  copolymer  derived  from  fluorene  has  been  synthesised  using  a 
fluorene  monomer  ftinctionalised  with  poly(ethylene  oxide)-like 
segments  as  comonomer  in  a  poiy(dihexylfluorene)  main  chain.  Such 
material  exhibits  the  three  functions  of  luminescent,  ion-solvating  and 
ion-transporting  material  on  the  same  main  polymeric  chain.  Efficient 
blue-green  polymer  light-emitting  electrochemical  cells  (LECs)  based 
on  this  copolymer  without  the  addition  of  an  extra  ion-supporting 
polymer  such  as  poly(ethylene  oxide)  are  reported,  leading  to  threshold 
operating  voltages  close  to  the  electrochemical  gap  of  poly(fluorene). 


Keywords  Light-emitting  devices  ;  Electroluminescence  ;  Fluorene 


INTRODUCTION 

A  significant  new  advance  in  the  field  of  organic  light  emitting  devices 
to  obtain  brightnesses  and  operating  voltages  suitable  for  commercial 
applications  has  been  the  discovery  of  light-emitting  electrochemical 
cells  [1,2].  In  such  systems,  ionic  species  must  be  solvated  vrithin  the 
active  layer  to  provide  the  counterions  necessary  to  achieve  p-type  and 
n-type  doping  of  the  electroluminescent  conjugated  polymer.  As  a 
result,  an  ionically  conductive  material,  generally  poly(ethylene  oxide) 
(PEG)  complexed  by  a  lithium  salt  such  as  lithium  triflate  [2]  is  often 
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added  to  the  polymer  blend.  Nevertheless  in  that  case,  phase  separation 
that  occurs  between  the  ionic  conductor  and  the  non  polar  luminescent 
material  remains  the  main  problem  to  solve. 

With  this  aim  in  view,  we  have  synthesised  a  new  monomer 
derivated  from  fluorene,  functionalised  with  PEO-like  segments  :  2,7- 
dibromo  -  9,9  -  bis  (7,10,13,16  -  tetraoxaheptadecyl)  fluorene,  denoted 
dibromo-(BTOHF).  It  must  be  pointed  out  that  the  use  of  an  alkyl 
spacer-arm  between  the  fluorene  units  and  the  PEO-like  segments 
prevents  the  twist  of  the  conjugated  repeating  units  from  planar 
configuration  which  usually  leads  to  a  drop  in  fluorescence  quantum 
yield.  In  addition,  we  are  going  on  the  assumption  that  the  grafting  of 
such  side  groups  on  the  fluorene  backbone  avoids  the  need  for  a  two- 
phase  blend  with  an  extra  ion-supporting  polymer. 

The  synthesis  of  the  corresponding  homopolymer,  poly(BTOHF) 
was  successful.  Nevertheless,  the  resulting  material  was  melted  at 
ambient  temperature  due  to  its  side  groups.  As  a  consequence,  we 
investigate  the  co-polymerisation  of  the  BTOHF  moiety  with  the  more 
simple  9,9-dihexylfluorene  one,  denoted  DHF.  The  chemical  structure 
of  poly(DHF-co-BTOHF)  copolymer  is  shown  on  Figure  1 ,  It  must  be 
pointed  out  that  such  conducting  copolymer  exhibits  the  three 
functions  of  luminescent,  ion-solvating  and  ion-transporting  polymer 
on  the  same  main  polymeric  chain. 


FIGURE  1  Chemical  structure  of  the  copolymer. 

EXPERIMENTAL 

The  copolymer  was  synthesised  using  the  well-known  dihalogenative 
polycondensation  of  the  dibromo  corresponding  derivatives  catalysed 
by  a  Ni(0)  complex  in  N,N-dimethylacetamide  (DMAc)  starting  with  a 


BLUE  GREEN  LIGHT-EMITTING  ELECTROCHEMICAL  CELLS 


487 


4:1  molar  ratio  for  the  comonomers  as  previously  described  [3].  Thin 
films  were  prepared  by  spin  coating  onto  ITO-coated  glasses.  Metallic 
contacts  were  deposited  onto  the  polymer  layer  by  vacuum 
evaporation.  A  mask  has  been  used  to  determine  well-defined  shape  for 
the  A1  electrodes  whose  area  is  9  mm^.  Photo  luminescence  and 
electroluminescence  (EL)  spectra  were  recorded  with  a  10  cm 
monochromator  followed  by  an  AsGa  photomultiplier  tube.  For 
quantitative  measurements,  a  calibrated  Hamamatsu  silicon 
photodiode,  with  a  large  surface  collection  area,  was  used.  The 
distance  between  the  sample  and  the  detector  was  1  mm. 


RESULTS  AND  DISCUSSION 

The  photo  luminescence  and  electroluminescence  spectra  for 
chloroform  solution  of  the  copolymer  and  for  LECs  upon  operation, 
shown  on  figure  2,  display  different  spectral  features,  with  a  red  shifted 
emission  for  electroluminescence. 


Im 
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Wavelenght  (nm) 


FIGURE  2  (a)  Photoluminescence  spectrum  of  poly(DHF-co- 

BTOH)  in  chloroform  solution  (excitation  365  nm)  and  (b) 
electroluminescence  spectrum. 
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This  is  the  result  of  interchain  electron-hole  recombination  [4]. 
Indeed,  it  is  now  established  that  polyfluorenes-based  materials 
generally  develelop  additional  broad  red-shifted  bands,  located  in  the 
region  of  500-600  nm,  upon  annealing  or  the  passage  of  current.  As  a 
result,  although  the  luminescence  from  isolated  chains  may  be  blue, 
taking  its  origin  in  intrachain  recombination,  for  electroluminescence, 
the  dominant  band  emission  is  in  our  case  the  yellow  part  of  the 
spectrum  leading  to  blue-green  emission.  Nevertheless,  it  must  be 
pointed  out  that  the  electroluminescence  spectrum  shows  only  a  very 
slight  evolution  upon  device  operation  leading  to  constant  blue-green 
emission. 

First  investigations  on  LECs  were  based  on  the  use  of  the  classical 
and  simple  device  configuration  :  Indium-Tin-Oxide 

(ITO)/copoIymer/aluminium.  Thin  films  of  poly(DHF-co-BTOHF) 
with  typical  thickness  of  110  nm  were  prepared  from  30  mg. ml  ' 
cyclohexanone  solution  containing  different  amount  of  lithium 
trifluoromethanesulfonate.  The  admixed  lithium  salt  provides  the  ionic 
conductivity  necessary  for  the  formation  of  the  light-emitting  p/n 
junction.  All  characterisations  were  run  in  a  gloves  box  under  inert 
atmosphere. 


Voltage  (V) 


FIGURE  3  I(V)  and  EL(V)  (dashed  lines)  curves  of  “fresh”  LECs 
for  30:1,  30:2,  30:3  copolymer  and  lithium-triflate  weight  ratios. 
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As  shown  by  figure  3,  in  each  case,  the  intrinsic  ionic  conductivity 
of  the  mixture  copolymer  and  LiCFsSOs  allows  to  obtain  apparent 
threshold  potential  for  electroluminescence  (EL(V)  curves)  below  6  V. 
As  a  result,  we  assume  that  the  devices  are  functioning  like  LECs  since 
voltage  higher  than  25  volts  must  be  applied  when  no  salt  is  added  to 
the  active  layer  [3].  Furthermore,  the  salt  proportion  clearly  affects  the 
device  performances.  As  expected,  the  lower  threshold  value,  can  be 
associated  to  the  higher  ionic  conductivity.  Indeed,  assuming  that  the 
DHF  :  BTOHF  ratio  in  the  copolymer  tracks  the  starting  comonomer 
ratio,  the  30  :  2  copolymer  and  lithium-triflate  weight  ratio  correspond 
to  an  O  :  Li  ratio  close  to  20  and  it  is  well  known  that  with  regular 
PEO  the  best  conductivities  are  reached  for  such  rather  low  salt 
concentration  [5]. 

When  a  voltage  scan  is  performed  between  0  and  6  Volts  in  one 
second  on  a  “fi-esh”  LECs,  the  apparent  threshold  voltage  for  EL(V) 
curve  is  around  5  V  as  shown  on  figure  3.  Although  the  initial  apparent 
threshold  voltage  is  strongly  dependent  on  the  sweep  rate,  lowering 
when  decreasing  the  scan  rate,  it  is  noteworthy  that  once  the  junction 
has  been  formed,  for  instance  after  an  initial  stress  at  5  V  for  a  few 
minutes,  the  subsequent  scan  exhibits  lower  threshold,  at  around  3.5  V. 
Figure  4  displays  typical  EL(V)  curves  as  a  function  of  time. 


FIGURE  4  Evolution  of  EL(V)  curves  of  a  “fresh”  LECs  biased  at 
+  5  V  (a)  and  +3.5  V  (b)  (dashed  line  for  LiTFSI). 
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Although  the  current  is  quite  stable  (curves  not  shown),  the  light 
intensity  slowly  increases  with  time.  This  initial  increase  can  be 
associated  to  the  growth  of  the  p-type  and  n-type  doped  regions 
leading  to  electrons  and  holes  recombinations.  Under  a  constant 
voltage  of  3.5  V,  the  emission  intensity  reaches  a  value  close  to  1,5 
jiW/cm^  in  approximately  15  minutes.  Tum-on  speed  can  be  enhanced, 
as  shown  by  figure  4  by  increasing  the  operating  voltage.  Nevertheless 
the  emission  intensity  is  fastly  decreasing,  a  lost  of  50  %  of  its  intensity 
occurring  within  30  minutes  at  5V.  For  initial  voltages  ranging  from  10 
to  15  V,  the  light  emission  is  greatly  increased  but  the  lifetime  is 
dramatically  shortened  leading  to  electrical  breakdown  within  a  few 
minutes.  Another  way  to  reduce  the  turn-on  speed,  as  shown  by  figure 
4,  is  to  enhance  the  ionic  mobility  by  using  a  lithium- 
trifluoromethylsulfonyl  imide  (Li-TFSI)  salt,  providing  large 
delocalization  of  the  negative  charge  in  the  salt  and  leading  to 
enhanced  ionic  conductivity.  However,  if  the  response  is  faster, 
reaching  maximum  brightness  of  1 ,5  p W/cm^  in  2  minutes,  after  build¬ 
up  of  the  p/n  junction  a  slow  luminescence  decay  is  clearly  observed. 

CONCLUSION 

These  preliminary  results  on  electroluminescence  of  a  copolymer 
derived  from  fluorene  containing  fluorene  moieties  functionalised  by 
PEO-like  segments,  clearly  show  the  interest  of  such  a  system  in  which 
ion  conducting  segments  are  incorporated  into  the  poly( fluorene)  main 
chain.  LECs  based  on  this  new  material  are  clearly  demonstrated, 
leading  to  threshold  operating  voltage  for  electroluminescence  close  to 
the  electrochemical  gap  of  poly(fluorene). 
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The  luminance  and  electronic  properties  of  two  distyrylbenzene 
derivatives  with  poly(alkyleneoxy)  and  multi-alkoxy  end  groups  were 
investigated.  The  materials  exhibit  similar  UV-visible  absorption  and 
photoluminescent  properties  in  solution,  but  the  emission  wavelengths  in 
solid  thin  films  are  quite  different.  The  reduced  red-shift  in  one  of  the 
distyrylbenzene  derivatives  when  forming  a  solid  thin  film  is  attributed  to 
the  reduced  interaction  between  the  Ti-electrons  of  the  neighboring 
molecules  by  the  “bulky”  or  “spacer”end-groups  formed  by  the  methoxy 
and  poly(alkyleneoxy)  substituents. 


Keywords:  distyrylbenzene;  organic;  electroluminescence;  OLED; 
photoluminescence;  end-substitution. 


INTRODUCTION 

Electroluminescence  in  conjugated  polymers  was  first  discovered  in 
poly(^-phenylenevinylene)  (PPV)*.  Since  then  research  efforts  on 
polymer-based  light  emitting  devices  have  increased  dramatically, 
primarily  due  to  their  potential  application  in  full  color  flat  panel 
displays  and  the  low  fabrication  costs  associated  with  this  technology. 
Poly(phenylenevinylene)  (PPV)  and  its  derivatives  have  been  widely 
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used  as  emissive  materials  in  polymer  light  emitting  diodes  (PLEDs). 
Conjugated  polymers  derive  their  semiconducting  properties  from 
delocalized  rt-eleclrons  along  the  polymer  chain.  Therefore  it  is  possible 
to  modify  the  semiconducting  properties  of  the  polymer  by  adding 
different  functional  groups  to  the  polymer  structure  thereby  altering  the 
extent  of  delocalization  of  the  rr-electrons.  The  knowledge  of  how 
different  functional  groups  in  the  PPV  structure  affect  its  physical 
properties  is  very  important  for  understanding  the  structure-property 
relationship  in  this  material.  However,  a  broad  molecular  weight 
distribution  and  the  presence  of  blocks  with  different  conjugation  lengths 
in  the  polymeric  material  often  complicate  the  issue.  In  this  sense. 
oligo(phenylenevinylene)  (OPV)  type  of  material  is  ideal  to  use  as  a 
model  system  to  study  the  structure-property  relationship.  Due  to 
controllable  and  well-defined  chemical  structures,  it  is  much  easier  to 
follow  and  correlate  the  physical  properties  of  the  OPVs  with  the 
molecular  structures.  In  addition,  many  oligomeric  materials  can  be 
thermally  sublimed  under  high  vacuum,  allowing  for  the  preparation  of 
multilayer  organic  light  emitting  diode  (OLED)  structures  and  devices  in 
an  ultra-clean  and  well-controlled  environment  thus  overcoming  the 
uncertainties  involved  in  wet  processes. 

For  these  reasons,  several  types  of  OPVs  have  been  synthesized  and 
their  absorption,  luminance  and  electronic  properties  ^-4  have  been 
investigated.  Wong  et  aP  have  shown  that  solubilizing  substituents  such 
as  polyalkyleneoxy  and  alkylsulfonyl  groups  incorporated  at  the  ends  of 
the  ^-conjugated  skeleton  of  distyrylstilbene  can  improve  the  solubility 
without  disrupting  the  co-planarity  of  rr-conjugation  backbone.  We  have 
found  that  substituents  incorporated  at  the  end  of  the  conjugated  main 
chain  can  shift  the  HOMO  and/or  LUMO  level  and  thus  alter  the 
HOMO-LUMO  energy  gap  of  an  oligomer.  This  provides  a  means  to 
tune  the  energy  gap  leading  to  a  change  in  optical  and  electronic 
properties  of  an  oligomer^.  The  electroluminescent  (EL)  emission  of 
these  end-capped  distyrylbenzene  derivatives  falls  in  the  blue  and  bluc- 
green  region  of  the  visible  spectrum.  However,  when  the  materials  were 
fabricated  into  solid  thin  films,  the  photoluminescent  (PL)  and  EL 
emission  underwent  significant  red-shifts  as  compared  to  the  solution 
PL.  This  is  certainly  an  undesirable  effect  for  the  EL  devices,  especially 
for  blue  OLEDs.  The  red-shifts  occurring  when  forming  solid  thin  films 
have  been  attributed  to  the  increased  interaction  in  the  solid  state 
between  the  7t-electrons  of  neighboring  molecules.  Therefore,  the  key  to 
overcoming  this  issue  is  to  reduce  the  possible  interaction  among  the 
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neighboring  71-electrons.  In  this  work,  we  report  the  use  of  non- 
conjugated  methoxy  groups  to  form  “bulky”  ends  at  the  OPV  molecules, 
to  prevent  or  reduce  the  interaction  of  the  7i-electrons  of  the  closely 
packed  neighboring  molecules,  thus  suppressing  the  red-shifts  in  PL  and 
EL  emission  when  forming  solid  thin  films  using  OPVs. 


EXPERIMENTAL 


<)pv(i)-(:>p 


t-opvin-oR 


The  OPVs  used  in  this  work  are  l,4-Bis{4-[2-(2-butoxyethoxy)- 
ethoxyjstyryl) benzene  (OPV(l)-OR)  and  l,4-Bis-4-{[2-(2-butoxy- 
ethoxy)ethoxy]-3 ,5  ,-dimethoxy }  styry  Ibenzene  (t-OP  V  ( 1  )-OR).  Their 
molecular  structure  and  computer  simulated  geometry  using  the  PM-3 
method  are  shown  in  Figure  1.  The  detailed  synthesis  of  these  two 

materials  can  be  found  in  Wong 
et  In  these  two  OPVs,  the 
backbones  are  the  same,  but  the 
t-OPV(l)-OR  has  extra 
methoxy  groups  attached  to  the 
3,3-’  and  5,5 ’-positions  of  the 
end-phenyl  groups  in  its 
structure.  A  Spex  Fluorolog-3 
spectrometer,  and  a  Cary  50 
spectrometer  were  used  for  PL 
and  UV-visible  absorption 
measurements.  For  the  solution 
spectra,  the  OPV  concentration 
in  chloroform  was  controlled  to 
give  out  0.05  absorbance  in 
order  to  minimize  the 
intermolecular  interaction.  The 
solid  PL  spectra  were  measured 
on  thin  films  prepared  by 
vacuum  deposition  on  quartz  plates.  Test  OLEDs  were  prepared  on 
commercial  ITO  coated  glass  substrates  (Applied  Films  Corp.)  with 
sheet  resistances  of  12  Q  per  square,  and  an  ITO  thickness  of  ~120  nm. 
Before  photolithographic  patterning,  the  ITO  substrates  were  cleaned 
using  cleanroom  soap,  acetone,  and  isopropanol.  The  anodes  were 
formed  by  chemical  etching,  and  the  patterned  ITO  substrates  were 
treated  in  a  UV  ozone  oven  for  ten  minutes  before  loading  into  the 


Figure  1  Molecular  structures  and  computer 
calculated  ground  state  molecular  geometry  of 
OPV(  1  )-OR  and  t-OPV(  1  )-OR. 
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vacuum  chamber.  The  device  structures  consisted  of  50  nm  TPD  as  a 
hole  transport  layer  (HTL),  50  nm  OPV  as  an  emissive  layer  (EML).  20 
nm  PBD  and  2  nm  LiF  as  the  hole  blocking  layer  (HBL).  and  a 
thermally  evaporated  aluminum  layer  as  a  cathode.  The  themial 
evaporation  was  carried  out  in  an  Edwards  Auto  306  coater  equipped 
with  a  cryo-pump,  using  either  tungsten  or  molybdenum  boats.  All 
depositions  were  performed  at  high  vacuum  (2x10'^  torr).  A  typical 
growth  rate  of  2  A/s  was  used  and  the  substrates  were  held  at  room 
temperature.  The  active  device  area  is  1. 0x5.0  mm^.  The  devices  were 
operated  and  characterized  in  air.  The  EL  spectra  and  luminance  were 
measured  by  using  a  Photo  Rcsearch®-650  SpectraColorimeter. 


RESULTS  AND  DISCUSSION 

The  ground  state  molecular  geometries  of  OPV(l)-OR  and  t- 
OPV(l)-OR  were  calculated  by  the  PM-3  semi-empirical  method.  The 
results  indicate  that  the  end  substitution  do  not  disrupt  the  co-planarity  of 
the  TT-conjugated  backbone  of  the  oligomers  (Figure  1 ).  Because  of  the 
co-planarity  of  the  backbone  and  the  long  chain  feature  of  the  end- 
groups,  the  OPV(l)-OR  is  a  rather  flat  molecule.  Therefore  the 
possibility  of  having  strong  interaction  among  the  K-electrons  of  the 
neighboring  molecules  in  the  solid  state  is  high.  Adding  methoxy  groups 


Figure  2  UV-visible  absorption  (filled  symbols)  and  photoluminescence  (open 
symbols)  spectra  of  OPV( I  )-OR  and  t-OPV(  1  )-OR  in  CHCI3. 
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to  the  3,3’-  and  5,5’-  positions  of 
the  OPV(l)-OR  structure  to  form 
t-OPV(l)-OR  molecule  not  only 
further  increases  the  solubility  of 
the  material,  but  also  forms  two 
very  “bulky”  ends  with  the 
polyalkyleneoxy  substituent  at 
the  4,  4’  positions  at  the  molecule 
as  shown  by  the  molecular 
geometry  in  Figure  1.  The  UV- 
visible  absorption  and  PL  spectra 
of  OPV(l)-OR  and  t-OPV(l)-OR 
in  chloroform  are  shown  in 
Figure  2.  The  UV-visible  spectra 
of  the  two  materials  are  very 
similar,  with  0-0  phonon 
absorption  peaks  clearly  visible 
at  390  nm,  and  386  nm 
respectively.  The  absorption 
maxima  are  at  368  nm  and  372 
nm.  The  PL  spectra  of  the  two 
materials  in  chloroform  are  also 
very  close,  and  the  peak  shapes 
are  similar  to  that  of  PPV,  with 
visible  fine  structures  due  to  vibronic  levels  in  the  ground  state.  The  0-0 
phonon  emission  peaks  are  at  408  and  416  nm  for  OPV(l)-OR  and  t- 
OPV(i)-OR  respectively.  The  PL  maxima  are  at  431  and  436  run.  The 
PL  spectra  show  that  in  solution,  the  OPV(l)-OR  has  very  similar  or 
slightly  shorter  emission  wavelength  than  the  t-OPV(l)-OR. 

The  PL  spectra  measured  from  solid  thin  films  of  OPV(l)-OR  and  t- 
OPV(l)-OR  are  shown  in  Figure  3  (a).  The  0-0  phonon  emission  peak  is 
at  458  nm  for  OPV(l)-OR  and  445  nm  for  t-OPV(l)-OR.  The  emission 
maxima  are  at  486  and  446  nm  respectively.  From  solution  to  the  solid 
state,  the  emission  spectrum  of  OPV(l)-OR  underwent  a  50  nm  red- 
shift,  while  that  of  t-OPV(l)-OR  underwent  a  29  nm  shift  (comparing 
the  0-0  phonon  peaks).  Clearly,  the  OPV(l)-OR  underwent  a  much 
larger  red-shift  in  the  solid  state  than  the  t-OPV(l)-OR. 

The  EL  emission  spectra  were  measured  from  multilayer  OLEDs 
using  OPV(l)-OR  or  t-OPV(l)-OR  as  the  emitting  material.  All  devices 
showed  typical  rectifying  behavior  in  their  current-voltage 
characteristics.  The  turn-on  voltage  of  these  devices  is  around  4~5  V. 


300  400  SOO  600  700  600 


Figure  3.  Thin  film  photoluminescence  (a) 
and  electroluminescence  (b)  spectra  of 
OPV(  1  )-OR  and  t-OPV{  1  )-OR. 
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The  maximum  luminance  values  reached  so  far  for  both  materials  are 
around  800  cd/m“.  The  EL  spectra  are  shown  in  Figure  3(b).  The  EL 
spectrum  of  OPV(l)-OR  is  nearly  identical  to  its  thin  film  PL  spectrum, 
indicating  that  the  EL  emission  originates  from  the  OPV(l)-OR  layer, 
with  peak  position  of  489  nm.  The  overall  EL  emi.ssion  of  t-OPV(l)-OR 
is  also  similar  to  its  thin  film  PI.  spectrum,  but  the  relative  intensity  of  its 
0-0  and  0-1  phonon  peaks  is  quite  different  as  compared  to  the  PL 
spectrum.  This  might  be  due  to  the  fact  that  in  OLEDs,  the  injected 
charge  carriers  will  drift  forward  in  the  emissive  layer  under  the 
influence  of  the  strong  electric  field.  During  the  course  of  the  drift  they 
will  adjust  to  those  more  energy  favorable  states  (with  lower  energy), 
thus  when  they  form  excitons  the  lower  energy  component  will  be 
dominant.  Despite  the  changes  in  the  relative  intensity  of  different 
components  in  EL  emission  spectra,  it  is  obvious  that  the  t-OPV(l)-OR 
has  much  smaller  red-shift  in  its  thin  film  EL  spectrum.  We  attribute  this 
reduced  red-shift  in  the  thin  film  PL  and  EL  spectra  of  the  t-OPV(l)-OR 
to  the  “bulky'*  end-groups  formed  by  the  methoxy  and  poly(alkyleneoxy) 
substituents  of  the  molecule. 

In  summary,  we  have  shown  that  “bulky"  or  “spacer"  functional 
groups  can  be  used  to  reduce  or  suppress  the  interaction  between  the 
conjugated  backbones  among  closely  packed  neighboring  molecules  in 
the  solid  state.  This  can  be  useful  in  the  design  and  modification  of  blue 
molecular  light  emitting  materials. 
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We  use  transient  photoconductivity  induced  by  short  light  pulses  to  study  the  charge  transport 
processes  occuring  in  Alq3-based  organic  light  emitting  diodes  (OLEDs)  on  different  time-scales. 
From  the  temporal  variation  of  the  phoiocurrent  transient,  information  on  chaige-carrier  dynamics 
and  trapping  can  be  extracted. 

Keywords:  photoconductivity;  organic  LED;  charge  tranport;  dispersive  transport;  trap  states 


1.  INTRODUCTION 

Optimizing  the  performance  of  organic  light  emitting  diodes  (OLEDs) 
requires  a  deep  knowledge  of  the  electronic  and  transport  properties  of 
the  material.  Photocurrents  induced  by  short  light  flashes  can  give  infor¬ 
mation  on  the  response  time  of  the  photoconductivity  and  thus  on  free- 
carrier  lifetimes,  the  influence  of  deep  and  shallow  traps,  and  the  charge- 
carrier  mobility,  and  they  are  sensitive  to  defect  states  in  a  manner  similar 
to  Time-of-Flight  experiments  [1]  [2]. 

The  aim  of  this  work  is  to  investigate  the  performance  of  transient 
photocurrents  induced  by  short  laser  pulses  as  an  investigative  tool  for 
the  characterization  of  standard  OLEDs,  without  the  need  for  any  spe¬ 
cially  prepared  samples.  Transient  photocurrent  investigations  could  thus 
offer  complementary  information  to  conventional  tools  such  as  electrolu¬ 
minescence  and  electrical  characterisation  [3]. 

2.  TRANSIENT  PHOTOINDUCED  CURRENT  MEASUREMENT 

In  pulsed  photoconductivity  measurements,  a  constant  voltage  is  applied 
to  an  OLED,  and  the  current  transient  induced  by  illumination  with  a 
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short  laser  pulses  (Nitrogen  laser  pulses  at  Aex=  337.1  nm  with  pulse  du¬ 
ration  <  1  ns)  is  detected  by  measuring  the  voltage  drop  over  a  resistor. 
Fig.  1  shows  the  experimental  setup  and  the  equivalent  electronic  circuit. 


FIGURE  1 :  (a)  Experimental  setup  for  pulsed  photoconductivity  measurements,  (b)  Electronic 
circuit  equivalent  to  the  measurement  system.  The  left  pan  corresponds  to  the  organic  LED  and 
the  right  part  represents  the  oscilloscope  and  the  cables  with  the  measurement  resistor  R.  The 
voltage  is  defined  positive  for  positively  biased  anode  (forward  bias). 


The  response  time  of  the  detection  system  determines  how  far  the  de¬ 
tected  signal  mirrors  the  dynamics  of  the  photcurrent  induced  by  the  short 
laser  pulse.  The  circuit  in  Fig.  1  can  be  easily  analyzed  in  a  general 
way  by  assuming  that  at  time  zero  the  laser  pulse  induces  a  photoexcited 
charge  carrier  distribution  at  the  interfaces  and  in  the  bulk  of  the  sam¬ 
ple  which  gives  rise  to  a  photoconductivity.  We  describe  the  arbitrary 
time  evolution  of  the  photoconductivity  with  a  function  aph{t),  so  that 
the  OLED  resistance  is 


RoLEoit)  ~ 


Rdark  ~  Soq' 
d  1 


t  <  0 
t  >  0 


(1) 


where  d  is  the  organic  layer  thickness  and  S  the  electrode  area.  The 
apparent  conductivity  a(t)  is  in  general  given  by  the  densities  and  mo¬ 
bilities  of  the  photoexcited  carriers:  a{t)  =  (e./d) 

/j.e{t,x)ne{t,x)}dx.  We  assume  ao  <C  (Tpt^{t  =  0). 

The  current  through  the  diode  is  the  sum  of  the  currents  through  the 
measurement  resistor  R  and  through  the  capacitor  C.  We  consider  the 
fact  that  the  diode  has  a  built-in  capacitor  Cqled  in  parallel  to  a  resis¬ 
tance  RoLEn{t)-  Using  U  for  the  voltage  across  the  measurement  resistor 
and  Uext  for  the  applied  voltage,  Kirchhoff ’s  law  leads  to: 


Uext 

RoLEoit) 


(2) 
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While  performing  the  experiment,  the  measured  voltage  is  always  of  the 
order  of  some  tens  of  millivolts,  while  the  applied  voltage  is  of  the  order 
of  few  volts.  Therefore,  we  assume  that  R  is  negligible  compared  to 
Roled-  Using  Ctot  =  C-\-Coled  and  the  detection  time  constant  trc  = 
CtotR,  equation  (2)  becomes 


U(t)  dU[t) 

Trc  dt 


(3) 


Using  I  —  Uext(Scr/d)  for  the  current  through  the  OLED,  the  general 
solution  for  the  measured  voltage  is 

U(t)  =  exp{-t/TRc){U{0)  +  ^  [  I{s)e^R^^ds}.  (4) 

^tot  Jo 

It  is  common  to  measure  directly  the  relaxation  of  the  photoinduced 
current  by  using  a  small  measurement  resistor  R  to  decrease  the  response 
time  Trc  of  the  detection  system.  However,  although  this  method  is  the 
most  straighforward  to  analyse  the  photocurrent  signal,  it  is  not  possi¬ 
ble  to  apply  it  in  a  simple  way  to  OLEDs,  which  have  a  relatively  large 
capacitance  that  tends  to  make  trc  large.  Since  we  want  to  apply  this 
method  to  standard  OLEDs,  we  have  to  turn  this  fact  into  an  advantage. 
This  can  be  done  when  trc  can  be  made  much  longer  than  the  relaxation 
time  of  the  photoinduced  current,  because  for  t/RC  <t:  1,  we  can  replace 
exp  {-t/jRc)  with  1  in  eq.  (4)  to  obtain 

U(t)  =  U{0)  +  -^  f‘ I{s)ds.  (5) 

^tot  Jo 

Therefore,  the  detected  signal  is  in  this  case  proportional  to  the  time  inte¬ 
gral  of  the  current,  i.e.  the  total  charge  emitted  from  the  OLED.  Its  time- 
dependence  is  given  by  the  rate  at  which  charge  is  accumulated  on  the 
capacitor  of  the  OLED,  before  it  has  the  time  to  flow  through  the  external 
circuit.  If  necessary,  the  dynamics  of  the  photoinduced  conductivity  can 
then  be  found  by  numerical  differentiation  of  experimental  signal. 

Eq.(4)  means  that  the  detected  signal  is  the  convolution  of  the  real 
photocurrent  with  the  response  function  of  the  detection  system 
When  Trc  tends  to  zero,  U (t)  is  directly  proportional  to  the  real  photo¬ 
conductivity.  On  the  other  hand,  in  the  limit  where  trc  is  infinite  com¬ 
pared  to  the  decay  time  of  the  photoconductivity,  the  detected  signal  is 
proportional  to  the  time-integral  of  the  photoconductivity. 
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Eq.  (4)  can  also  be  easily  solved  for  the  special  case  where  the  pho¬ 
toconductivity  is  an  exponential  decay,  aph(t)  =  aoexp(-^/r).  Using 
Rq  =  <i/(5cro),  the  solution  of  the  differential  equation  (2)  in  the  limit 
where  R  <  Rqled  is  then: 


i{t)  = 


Uext  1  c  -  e 

Ro  trc  1/trc  -l/r  ' 


(6) 


3.  RESULTS  AND  DISCUSSION 

We  apply  the  technique  of  Integrated  Pulsed  Photoconductivity,  which 
was  introduced  above,  to  characterize  OLEDs  grown  in  our  laboratory  by 
molecular  beam  deposition  in  ultra-high  vacuum.  They  consist  of  a  trans¬ 
parent  indium-tin  oxide  (ITO)  layer,  an  organic  layer  (Alqa),  and  a  top 
metal  cathode  (Mg).  Initially,  we  chose  mostly  simple  single-layer  Alqa 
devices  in  order  to  test  the  viability  of  this  characterization  method  in  a 
sample  where  the  charge  generation  and  transport  occur  in  one  material 
only.  To  avoid  field  distortions  by  the  mobile  space  charge,  a  laser  pulse 
of  low  intensity  is  used  (30  /iJ).  The  electrode  area  S  of  our  OLEDs  is 
18  mnT^.  A  large  measurement  resistor  was  used  to  reach  the  t/RC  <  1 
limit. 

Fig.  2  shows  the  evolution  of  the  total  charge  which  comes  out  of  the 
device  as  a  function  of  time  in  an  ITO/Alqs/Mg  OLED  at  room  temper¬ 
ature.  The  signal  consists  of  three  regions.  Initially,  and  until  below  I 
fis  after  the  generation  of  the  charge  carriers,  charge  is  being  emitted 
at  its  maximum  speed  (line  with  slope  1  in  the  figure),  corresponding 
to  a  photoconductivity  that  is  constant  on  that  time  scale.  Then  there  is 
an  intermediate  part  (between  1  /is  and  5  {.is)  where  there  is  a  decay  in 
the  speed  of  charge  accumulation  (corresponding  to  a  decay  in  the  pho- 
toinduced  conductivity).  This  is  characterized  by  a  slope  of  the  order 
of  ~  0.2  in  the  log-log  plot.  A  “kink”  where  this  slope  changes  to  a 
smaller  value  is  observed  at  t  10/iS,  and  afterwards  there  is  then  a 
long  tail  of  charge  emission,  which  lasts  for  about  three  decades.  This 
very  slow  time  dynamics  is  typical  of  samples  where  charge-transport  is 
hindered  by  a  multitude  of  defect  levels  which  continually  trap  and  ther¬ 
mally  release  the  charge  carrier,  leading  to  the  phenomena  of  dispersive 
charge  transport.  In  this  particular  case,  the  data  indicates  that  charge  car¬ 
riers  are  trapped  at  various  impurity  sites  with  a  distribution  of  thermal 
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excitation  energies  and  that  some  charge  carriers  are  still  emitted  several 
milliseconds  after  excitation.  Some  electron  and  hole  pairs  excited  by  the 
UV  illumination  therefore  escape  recombination  for  a  time  as  long  as  10 
ms.  The  corresponding  photocurrent  decay  is  strongly  non-exponential, 
beeing  more  similar  to  a  power-law. 


FIGURE  2:  Log-log  plot  of  the  total  charge  emitted  from  an  ITO/Alq  (300nm)/Mg  structure  at 
an  electric  field  of  2x10^  Vcm“^  after  illumination  with  a  short  laser  pulse.  The  two  solid  lines 
have  slopes  of  1  and  0.2,  respectively. 

The  voltage  dependence  of  the  transient  behavior  is  shown  in  Fig.  3a. 
The  typical  slopes  of  the  lines  is  the  same  for  all  applied  voltage,  with  the 
exception  of  the  data  taken  with  a  voltage  of  2.5  V.  Note  that  the  “kink” 
time  at  ~  10  jis  (vertical  dashed  line  in  the  figure)  does  not  change  when 
increasing  the  electric  field,  only  the  amplitude  of  the  signal  becomes 
larger.  Therefore,  this  time  can  not  be  attributed  to  a  transit  process.  The 
two  regions  with  different  slopes  in  the  log-log  plot  probably  correspond 
to  two  different  types  of  dispersive  charge  transport.  One  possible  inter¬ 
pretation  would  be  to  associate  them  with  the  two  types  of  charge  car¬ 
riers  being  affected  by  different  trap-distributions.  The  total  amount  of 
charge  generated  in  the  device  is  observed  to  depend  quadratically  on  the 
voltage,  from  which  we  conclude  that  the  quantum  efficiency  for  pho¬ 
toionization  depends  quadratically  on  the  electric  field.  The  sensitivity 
of  this  transient  photocurrent  technique  to  the  presence  of  defect  states 
was  demonstrated  above.  To  show  an  example  of  how  it  can  be  exploited 
to  systematically  study  the  presence  of  defect  states  in  different  types 
of  organic  layers,  we  present  in  Fig.  3b  similar  measurements  in  a  two- 
layer  devices  with  silver  cathode.  The  difference  is  triking.  In  contrast  to 
what  was  observed  for  the  ITO/Alqa/Mg  device,  for  these  devices  there 
is  no  long  charge-emission  tail  indicative  of  a  large  distribution  of  defect 
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FIGURE  3;  a)  Electric  field  dependence  of  the  transient  photoconductivity  of  an 
ITO/Alq  (300nm)/Mg  organic  LED.  The  applied  voltage  for  each  curve  are  indicated, 
b)  Transient  photoconductivity  at  an  electric  field  of  6x10"'  Vcm~’  in  a  double-layer 
ITO/NPB(40nm)/Alq(40nm)/Ag  device. 


states.  On  the  contrary,  at  ~  0.2  fis  the  typical  slope  of  the  charge  accu¬ 
mulation  curve  changes  from  about  1  to  about  0,  which  corresponds  to  a 
photocurrent  decay  which  is  more  similar  to  a  single  exponential  decay. 
This  demonstrates  the  absence  of  defect  states  with  a  long  excitation  time 
in  this  device. 


4.  CONCLUSIONS 

In  conclusion,  we  demonstrated  that  Integrated  Pulsed  Photoconductivity 
is  a  powerful  tool  to  study  charge  transport  and  defect  states  in  OLEDs. 
We  demonstrated  the  sensitivity  of  this  method  to  the  presence  of  de¬ 
fect  states  and  the  fact  that  this  method  allows  the  study  of  electron-hole 
recombination  and  charge  transport  in  the  same  devices  where  electrolu¬ 
minescence  and  other  electronic  properties  are  characterized. 
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In  this  paper  we  report  the  charge  injection  and  transport  mechanism  in  some  single  layer 
organic  light  emitting  devices  (LEDs)  based  on  Alq3  (tris-(8-hydroxyquinoline)  aluminium). 
We  measured  the  current  voltage  (I-V)  and  electroluminescent  characteristics  of  devices  with 
different  cathode  and  anode.  The  anodes  used  were  an  aluminium  doped  zinc  oxide  ZnO.Al 
(AZD),  ITO,  and  a  semitransparent  aluminium  (Al)  film.  The  cathodes  were  Mg;Ag  and  Al. 
li  is  shown  that  the  hole  is  the  majority  carrier  in  Alq3  single  layer  devices  using  ITO  or 
AZ(3  as  the  anode  and  Al  or  Mg;Ag  as  the  cathode.  The  holes  control  the  device  current  and 
the  electrons  control  the  electroluminescent  efficiency  of  the  devices.  We  also  measured  and 
filled  the  1-V  curves  of  four  dcvrce.s  with  an  ITO/A!q3/Mg;Ag  structure,  but  different 
thickne.ss  of  Aiq3.  We  found  that  the  device  current  was  bulk  limited.  In  the  lower  applied 
iield,  it  was  controlled  by  both  thermally  generated  charges  and  injected  charges  and  in  the 
higher  field,  by  trapped  charges. 


Keywords  organic;  electrolumine.scence;  injection;  transport 


1.  INTRODUCTION 

In  an  organic  LED,  there  are  three  main  steps  in  the  electroluminescence  process: 
the  injection  of  holes  and  electrons  from  the  two  electrode  contacts,  the  migration  of 
the  carriers  in  the  organic  layers,  and  the  recombination  of  paired  holes  and  electrons 
in  the  emissive  layer.  The  injection  and  the  transportation  of  the  carriers  are  two  of  the 
most  important  factors  that  determine  the  efficiency  of  the  organic  LED. 

There  are  two  mechanisms  proposed  to  describe  the  current  voltage  characteristics 
of  the  organic  LED;  injection  limited  current  flow  and  bulk  limited  current  flow  (1). 
The  proposed  injection  mechanisms  are  tunnelling  injection  or  thermionic  emission. 
The  propo.sed  bulk  mechanisms  are  ohmic  conduction  or  space  charge  limited  current. 
In  any  case,  the  majority  charge  carrier  in  the  device  current  is  determined  by  the 
difference  in  the  energy  barrier  between  the  two  injection  contacts. 

Parker  (2)  and  Davids  (3,  4)  have  proved  that  the  current  in  a  single  layer  polymer 
LED  was  contact-limited.  The  bulk-limitation  of  the  current  has  also  been  proved  by 
Burrows’  works  (5-7)  in  a  heterojunction  structure  TPD/Alq3  bilayer  device  and  by 
some  other  groups’  works  on  the  polymer  devices  (1,8,9). 

Generally,  Aiq3  was  preferentially  considered  as  an  electron-transporting  layer 
with  a  limited  hole  diffusion  length  of  few  hundreds  of  angstroms  (10).  However, 
whether  a  material  is  hole  or  electron  transporting,  depends  on  its  oxidizability  at  the 
contact  with  the  anode  and  its  reducibiiity  at  the  contact  with  the  cathode  (11).  So, 
Alq3  could  be  a  hole  conductor  as  well  as  an  electron  conductor,  depending  on  the 
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amounts  oj'  the  carriers  injected  in  the  hole  and  electron  contacts.  When  Alq3  contacts 
with  AZO  or  ITO.  it  is  possible  that  the  holes  instead  of  electrons  dominate  the 
injection  currents. 

()!i  the  other  side,  whether  the  device  current  of  an  organic  LED  is  contact  limited 
or  bulk  limited  should  be  determined  as  well  by  the  mobility  of  the  carriers  in  the 
organic  layer  as  by  the  in  jection  probabilities  in  the  injection  contacts.  If  there  are  lots 
t)f  energy  traps  in  an  organic  layer  and  the  carrier  mobility  is  very  low,  even  though  at 
a  lower  carrier  injection  (w'ith  a  higher  barrier),  the  device  current  should  be 
controlled  by  the  space  charge  or  the  traps  limited  space  charge. 

The  majority  carrier  and  the  other  characteristics  of  device  current  through  the 
single  layer  Alq3  device  are  remained  uncertain.  That’s  why,  in  this  paper,  we  study 
the  injection  mechanism,  the  nature  of  the  majority  carrier  in  the  current,  and  the 
transport  mechanism  in  single  Alq3  layer  device. 

II.  EXPERIMENTAL 

The  organic  material  used  in  this  work  was  Alq3.  an  aluminium  chelate  of  8- 
hydroxyquinoiine.  It  was  deposited  by  thermal  evaporation  in  vacuum  torr)  on 
the  anode  film  (ITO  or  AZO)  coated  glass  substrate.  Here  ZnO:Al  (AZO)  is  deposited 
by  r.f.  sputtering.  The  cathodes  u.sed  in  this  work  were  an  aluminium  and  Mg;Ag  (9;  1 ) 
alloy,  deposited  on  top  of  the  organic  layer  by  thermal  evaporation.  The  thickness  of 
the  organic  layer  was  monitored  with  a  thin  film  thickness  monitor  using  oscillating 
quartz  crystal  as  the  scn.sor.  Measurements  w'crc  carried  out  in  air  and  at  room 
temperature. 

III.  RESULTS  AND  DISCUSSION 


1 .  Current  voltage  characteristics  of  the  devices  with  different  electrodes 


Using  ITO,  AZO  and  the  .semitransparent 
Al  as  anode,  Al  and  Mg:Ag  as  cathode,  six  ar 

devices  with  a  fixed  thicknc.ss  of  60  nm  of  itf 

Alq3  layer,  were  fabricated.  Their  structures  at 

are  as  billows:  (a)  AZO/Alq3/Mg;  Ag,  (b)  to' 

AZO/Alq3/AI,  (c)  ITO/A!q3/Mg:  Ag,  (d)  |  ttb 

1T0/Alq3/Al,  (e)  Al/Alq3/Mg:  Ag,  and  (f)  z  to' 

Al/Alq3/Al.  ^  I  ,0- 

Figure  1  shows  the  current  voltage  (1-V)  ^  lo' 

curves  at  bias  higher  than  5  volts  of  the  6  to' 

ilevices  with  same  thickness  of  organic  layer  lo' 

and  different  anode  and  cathode.  It  is  clear 

VoltOLV  (Vl 

that  the  1-V  cuives  can  be  divided  into  three  pjg  j  I- V  curves  of  the  device.s  with 
groups  based  on  the  anode  material.  The  AZO  AZO.  ITO  and  Al  as  anode  and  At  and 
groups  includes  the  curve  (a)  and  (b).  ITO  Mg:Ag  as  cathode 
group  (c)  and  (d),  and  Al  group  (e)  and  (f). 

This  result  implies  that  the  holes  are  the  majority  carriers  in  ITO  and  AZO  devices. 
Because  lor  AZO  and  ITO  device,  changing  cathode  can’t  significantly  affect  the 
cuirent  through  the  device  as  changing  anode  docs.  When  use  Al  as  the  anode,  the 
hole  injection  can  be  neglected  for  its  too  high  injection  barrier,  and  the  currents, 
which  are  dominated  by  electrons  then,  decrease  a  lot. 


2.  /?  -V  characteristics  of  the  devices  with  same  anode  but  different  cathode 
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The  luminance  voltage  characteristics  of  the  devices  with  same  anode  (ITO)  and 
different  cathode  (AI  and  Mg:Ag)  have  been  measured  and  their  electroluminescent 
(EL)  efficiency  {  Tj )  voltage  characteristics  have  been  calculated  and  given  in  table  1. 


Table  1 .  EL  efficiencies  of  devices  with  ITO  as  anode,  Mg:Ag  and  Al  as  cathodes 


Voltage  (V) 

•  Al  cathode 

Mg:Ag  cathode  I 

1(  mA/cnr) 

L(cd/m“) 

Tl(%) 

Km  A/cm") 

L(cd/m~) 

14 

4. 1 

3l,4 

maoim 

I7 

3.36 

2.67 

0.02 

9 

39.3 

oo 

70 

1 1 .75 

0.02 

IHQIIIII 

55 

0.09 

28 

25 

7.85 

0.0 1 

33.75 

68.2 

0.06 

It  can  be  seen  that  there  are  very  large  differences  of  luminance  between  two 
devices,  while  the  differences  of  currents  of  two  devices  are  small.  The  difference  of 
efficiency  of  the  two  devices  is  large  loo.  We  concluded  that  the  electrons  injected 
from  the  cathodc/organic  interface  control  the  efficiency  of  these  two  devices,  though 
they  do  not  dominate  the  device  current.  The  similar  results  have  also  been  obtained 
in  the  devices  with  AZO  as  the  anode.  These  results  indicate,  in  another  side,  that  the 
electrons  in  the  single  Alq3  layers  of  the  devices  with  ITO  or  AZO  as  the  anode  are 
minority  carriers  and  holes  are  majority  ones. 


3.  Determination  of  the  majority  carriers 

At  higher  bias,  charge  injection  should  be  tunnelling  and  the  current  density  will 
follow  the  Fowler-Nordheim  equation.  Assuming  the  energy  barrier  at  the  injection 
contact  is  a  triangular  barrier,  the  F-N  equation  can  be  written: 


/=  /lF-exp(-A'-^^) 
F 


With 


3qh 


(1) 


Where  A  is  a  constant  for  a  give  material,  tn  and  q  are  the  effective  mass  and  the 
charge  of  the  carrier  concerned,  h  is  the  Planck’s  constant,  F  is  the  applied  electric 
field,  and  (p  is  the  height  of  the  energy  barrier  at  the  injecting  contact. 

Here,  with  same  material  Alq3  and  same  thickness,  the  injection  current  of  all  six 
devices  and  their  dominating  carrier  should  be  determined  only  by  the  difference  of 
the  height  of  energy  barrier  {(p)  at  hole  and 
electron  injection  contacts.  By  Kelven  method 
(12),  we  obtained  the  work  function  values  of 
ITO.  AZO.  Al  and  Mg,  as  5.0eV,  5.2eV,  4.3eV 
and  3.9eV.  The  highest  occupied  molecular 
orbital  (HOMO)  of  Alq3  obtained  from  a  cyclic 
voltammetry  method  ( 12)  is  5.7eV  and  the  lowest 
unoccupied  molecular  orbital  (LUMO)  obtained 
from  the  optica!  absorption  band  is  3.1eV.  With  the.se  data,  an  energy  diagram  is 
drawn  as  figure  2.  From  figure  2,  we  obtained  the  values  of  energy  barrier  height  for 
hole  injection  {<p,,)  and  for  electron  injection  {(p^.)  in  different  devices  and  shown 
them  in  table  2. 


Table  2.  The  energy  barrier  heights  in  the  devices 


device 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(eV) 

0.5 

0.5 

0.7 

0.7 

1.4 

1.4 

0  (eV) 

0.8 

1. 2 

0.8 

L2 

0.8 

1.2 

3.1  eV 

4.3eV 
ITO  S.QeV 

5.7eV 

Figure  2.  Energy  diagram  of  devices 


Alq3 


3.9eV 

43eV 


Mg:Ag 

Al 
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In  ihc  devices  with  AZO  or  ITO  as  the  anodes,  the  hole  injection  barriers  arc  lower 
than  the  electron  injection  barriers,  and  therefore  we  expect  majority  carriers  in  the 
device  (a),  (b),  (c)  and  (d)  to  be  holes.  For  the  devices  (e)  and  (0.  with  Al  as  the 
anode.  0, <(!>,, .  and  so  the  majority  carrier  will  be  the  electrons. 

4.  The  relative  hole  and  electron  injection  current 

Considering  device  (d).  as  an  example,  w'e  can  roughly  estimate  the  ratio  of  the 
hole  and  electron  injection  current.  Taking  F  =  3  •  10'' V/cm.  assuming  m'=:w'=w„. 
and  with  the  barrier  height  0^^  =0,7cV  and0,  =  1.2eV,  we  calculated  the  ratio  of  the 
hole  current  injected  from  the  hole  barrier  at  ITO/.Alq3  interface  and  the  electron 
ciiiTcnt  injected  from  the  Alq3/Al  interface,  IJl^.  as  a  value  of  the  order  of  !0\ 
Much  more  holes  are  injected  into  the  Alq3  layer  than  electrons. 

ITom  section  3.  we  know  that  the  electrons  injected  from  Alq3/Ai  dominate  the 
device  current  of  device  (f)  and  the  holes  current  injected  from  the  ITO/Alq3  interface 
dominate  the  current  of  device  (d).  Wc  can  .see  from  the  figure  I,  at  electric  field  of 
3  10''V/cm.  the  device  current  ratio  of  device  (d)  and  device  (0  is  about  lOV  That 
ratio  can  be  considered  as  the  experimental  ratio  of  hole  and  electron  injection  in  the 
device  (d),  because  the  electron  injection  current  of  the  device  td)  and  the  device  (f). 
according  to  the  equation  (I),  should  be  approximately  same.  We  noted  a  difference 
of  2  order  of  magnitude  between  the  calculated  ratio  of  the  hole  and  electron  injection 
current  and  the  experimental  device  current. 

For  the  ratio  of  hole  injection  in  device  (b)  and  device  (d),  the  dominated  injection 
for  both  devices,  is  calculated  as  190  at  3- 10'’ V/cm  electric  field,  compared  with  the 
experimental  result  5.  the  difference  is  also  of  the  order  of  10\  The  differences 
between  the  calculated  results  and  the  experimental  ones  imply  that  the  device  current 
does  not  exactly  follow  the  F-N  equation  of  injection  current. 

5, _  l-F  characteristics  of  the  devices  with  different  thickness  of  Ala3  layer 

To  determine  the  device  current  domination  mechanism  of  the  single  Alq3  layer 
device,  we  made  four  devices  with  ITO  as  the  anode  and  Mg:  Ag  as  the  cathode  but 
different  thickness  of  A!q3  layer,  from  30nm,  60nm,  90nm.  to  120nm.  The  LV  curves 
of  these  four  devices  and  their  current  electric  field  (I-F)  form  are  .shown  in  figure  3. 
From  the  figure  3(b),  one  can  see  that  the  I-F  curves  of  the  devices  are  not  coincided, 
which  indicates  again  that  the  device  current  is  not  perfectly  satisfied  the  F-N 
tunnelling  injection.  This  is  because,  it  the  tunnelling  injection  dominates  the  current, 
the  device  current,  according  to  equation  ( i ),  should  be  same  at  .same  electric  field. 


Fig.3  I-V  (a)  and  I-F  (b)  curves  of  devices  with  different  thickness  of  organic  layer 
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6.  Determination  of  the  space-charge-liinitcd  device  current 

The  effective  mobility  of  hole  and  the  electron  in  Alq3  are  low  and  lots  of  energy 
traps  exist  in  the  film.  So  it  is  possible  that  the  injected  holes  accumulate  in  the  region 
near  the  anode/organic  contact  in  the  organic  layer  to  form  space  charge  distribution. 

At  low  applied  electric  field,  the  amount  of  the  thermally  generated  free  charge  is 
larger  than  that  of  the  injected  charge,  the  device  current  density  is  described  by 


a 

Where  t/ and  are  the  carrier  charge  and  mobility  of  hole,  n^,  is  the  thermally 
generated  background  free  charge  density,  V  is  the  apply  voltage,  and  cl  is  the 
thickness  of  organic  layer.  So  the  device  current  depends  on  the  voltage  V.  When  the 
Fermi  level  of  the  hole  lies  below  the  hole  trap  energy,  the  device  current  is  space- 
charge-limited 


,  9  V- 

O) 

0  a 

Now  the  current  is  dependent  on  square  of  voltage  V' .  When  the  applied  field  is 
increased,  the  quasi-Fermi  level  of  the  organic  materia!  increa.ses  and  more  hole  traps 
are  filled,  resulting  the  decrease  of  the  density  of  the  empty  traps  and  the  increase  of 
effective  mobility  of  hole.  In  this  case,  the  current  should  depend  on  a  higher  power 
of  voltage,  the  trapped-charge-limited  current  should  be 


(4) 

d 

B  should  be  larger  than  2. 

From  figure  4(a),  we  note  that  all  the  curves  of  four  devices  can  be  separated  into 
two  parts  according  to  their  slaps  though  the  separating  position  are  different  for  each 
curve.  It  .seems  that  dividing  the  curves  according  with  the  applied  electric  field  is 
more  reasonable  than  with  the  voltage. 

Setting  i  •  10'’  V/cm  as  the  separating  point,  we  cut  each  I-F  curve  into  two  parts 
and  plot  !~(V/d)  curves  below  and  above  1  •  10"  V/cm  in  figure  4. 


0.2  0.4  0.6  0.8  1.0  2  4  6  6 

FJetlnc  tide!  I  (/'( V/cm)  Seclric  field  [  I  ffy/ems 


(a) 


(b) 


Fig.  4  The  current  field  characteristics  at  low  electric  field  (a)  and  high  field  (b) 


We  find  that  all  these  curves  are  of  power  law'  form,  indicating  the  device  currents 
are  space  charge  limited.  Using  the  power  law  relation  /  «  (V / d)^ ,  we  get  the  B 
values  of  four  devices  in  two  ranges  of  electric  field.  In  the  lower  field,  the  values  of 
B  are  le.ss  than  2.  while  larger  than  2  in  the  higher  field.  We  think  that  in  the  lower 
field,  the  device  current  is  controlled  by  both  thermally  generated  charges  and 
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injccled  cliarces.  so  the  B  values  arc  between  I  and  2  except  the  90  nni  device,  which 
is  out  of  expectation.  Bccau.se  our  measurements  are  carried  out  in  the  room 
temperature  and  in  ambient  radiation,  the  quantity  of  thermally  and  even  radically 
generated  charges  may  be  significant  enough  to  be  comparable  with  the  injected  ones. 
1  he  different  B  may  be  ari.scn  from  the  different  trap  density  in  the  different  thickness 
organic  layers  that  are  deposited  in  different  times. 

lit  the  higher  electric  field,  the  traps  arc  consequently  filled  by  the  injected  charge, 
giving  in  the  higher  power  law  satisfactory  rule.  Some  of  the  energy  traps  arc  formed 
from  the  roughne.ss  of  the  ITO  and  the  diffusion  of  the  metal  electrode;  the  average 
trap  density  should  dccrca.se  with  the  increa.se  of  the  organic  thickness.  So,  in  trapped- 
charge-limited  range,  the  order  of  the  power  law  increases  with  the  organic  thickness. 

IV.  SriMMARY 

By  comparing  the  I-V  curves  of  six  devices  with  different  anode  and  cathode  and 
the  q-V  characteristics  of  two  devices  with  same  anode  but  different  cathode,  we 
indicated  that  in  the  Alq3  single  layer  devices  with  AZO  or  ITO  as  the  anode  and  Al 
or  Mg;  Ag  as  the  cathode,  the  hole  is  the  majority  in  the  device  current  and  the 
electron  is  the  minority  which  affects  the  EL  efficiency  of  the  devices.  By  comparing 
the  1-F  relation  of  the  four  devices  with  same  anode  and  cathode  but  different 
thickness  of  Alq3  layer,  we  shown  that  the  device  currents  are  bulk-limited.  In  the 
lower  applied  electric  field,  the  current  is  controlled  by  both  thermally  generated 
charges  and  injected  charges,  while  in  the  higher  field  by  the  trapped  ones. 
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